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Abstract 
The mechanical properties of bulk microporous biphasic calcium phosphate (BCP), 
monolithic BCP scaffolds with multi-scale porosity (macro- and microporosity), and 
BCP/polymethylmethacrylate (PMMA) composite scaffolds with multi-scale porosity were 
investigated in this work.  The elastic properties of bulk BCP with varying micropore size and 
fraction were analyzed using resonant frequency testing.  The compressive mechanical strength 
and fracture mechanisms of monolithic BCP and composite BCP/PMMA scaffolds with varying 
micropore size and fraction were characterized.  The Young‘s modulus of the resonant frequency 
samples showed an exponential dependence on micropore fraction and a linear dependence on 
density.  The compressive strength of the monolithic BCP scaffolds was shown not to be 
significantly influenced by micropore size or fraction.  Monolithic scaffolds exhibited brittle 
failure but with some degree of damage tolerance with complete failure occurring at over 15% 
strains.   Composite BCP/PMMA scaffolds showed higher compressive strength than monolithic 
scaffolds and share stress-strain behavior similar to cellular solids.  Fracture in monolithic and 
composite scaffolds occurred by crack propagation at rod junctions along the scaffold length and 
crack propagation along 45 degree planes, respectively.   
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Chapter 1: Introduction 
1.1 Background 
Tissue engineering has the ability to reach millions annually through the repair of bone 
defects caused by disease, trauma, or congenital defects.  In 2003, the potential market for tissue 
engineered products for musculoskeletal applications totaled $23.8 billion in the U.S. and is 
expected to increase to $39 billion by the year 2013 [1]. In 2004 alone there were 1.5 million 
bone graft procedures [2].  The gold standard for bone defect repair is the autograft.  Here, bone 
is harvested from the patient, typically from the iliac crest [3] and used to repair the defect.  For 
the allograft, bone is obtained from a donor.  Both types of grafts are commonly used; however 
multiple complications and risks are associated with both of these procedures.  Autografts 
require multiple surgeries and the donor site is susceptible to disease or harm which can lead to 
donor site morbidity and poor healing [4].  Allografts are likely to degrade mechanically from 
sterilization procedures and also have the potential to infect or be rejected by the patient [4-6].  
Despite these risks, auto- and allografts remain the options for small (i.e. non-critical size 
defects), simple and non-load-bearing defects.  However, for many defects, the use of allogenic 
and autologous bone is not an option. 
Synthetic bone grafting materials are currently being researched as an alternative to 
allogenic and autologous grafts.  Much of this research is based on scaffolds, which are being 
researched to guide bone regeneration and repair critical sized defects.  Several characteristics of 
bone scaffolds are considered essential for use in bone regeneration and repair which include 
biocompatibility, osteoconductivity, and interconnected porosity.  Other characteristics that are 
considered in bone scaffold design and optimization include, but are not limited to, 
biodegradability, bioactivity, permeability, manufacturability, and mechanical integrity.  
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However, the optimal scaffold ―recipe‖ has yet to be determined and is still under debate due to 
the fact that many of these characteristics are coupled.  This makes scaffold design, 
characterization, and translation to the clinic a challenging prospect. 
1.2 CaP bioceramics for bone replacement and repair 
Bioceramics are one of the most widely used and studied class of scaffold materials.  Of 
these, calcium phosphates (CaPs) have perhaps been studied most extensively because they have 
several attributes that make them excellent candidates for tissue engineering applications.  CaPs 
are biocompatible, have a composition and structure similar to the mineral component of bone 
[3], are osteoconductive [7-10], have been reported to be intrinsically osteoinductive in some 
cases [7], [11], [12], and are bioactive.  They also have a high affinity for proteins and growth 
factors such as BMP-2 [13], which is well known to stimulate proliferation and differentiation of 
osteoprogenitor cells.  The degradation products for CaPs are conducive to bone formation and 
the degradation rates are typically slow as compared to bone growth [14], which allows for a 
balance between degradation and ingrowth. 
While a range of CaP compositions have been considered, hydroxyapatite (HA) with 
chemical composition Ca5(PO4)3OH and calcium to phosphate ratio of 1.67 [15], β-tricalcium 
phosphate (β-TCP) with chemical composition Ca3(PO4)2 and calcium to phosphate ratio of 1.5 
[15], and biphasic calcium phosphate (BCP), which refers to composites of HA and β-TCP with 
no specific ratio, have received the most attention [16].  Among these, HA is most commonly 
used in the clinic and has been used in bone cement for repair of craniofacial defects [17], [18], 
for maxillary sinus floor augmentations [19], and in coatings for hip replacements [20], [21].  -
TCP ceramics have been commercialized as bioresorbable synthetic bone substitutes and are 
used in orthopedic and dental applications [22] including the augmentation of alveolar ridge [23], 
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sinus reconstruction [24], and general bone reconstruction following injury or disease [25]. 
Perhaps the most emphasized difference between the properties of HA and β-TCP is their 
relative degradation rate; HA is considered relatively non-degrading while TCPs purportedly 
degrade readily [26],[27].  Thus, the use of BCP with different HA to β-TCP ratios allows for 
manipulation of the degradation rate and other properties by extension. 
1.3 The Importance of Porosity 
Interconnected porosity is required for bone ingrowth [16], [28].  The minimum pore size 
for bone formation has been quoted by many as 100 µm [12], [29-33].  However, more recently 
researchers have shown bone formation in interconnected micropores less than 10 µm in size in 
scaffolds that contain both macro- (>100 µm) and microporosity (<10 µm) [34], [35].  Pores 
must be highly interconnected to allow for neovascularization, which facilitates sufficient 
nutrient and waste transport from the scaffold to and from surrounding tissue.   
Research has shown that scaffolds containing both macroporosity and microporosity, 
which will be referred to here has multi-scale porosity, further promotes bone ingrowth [28], 
[36], [37].  HA-based scaffolds with multi-scale porosity have been shown to have bone and 
other organic material in both the micro- and macropores [35].  The combination of HA with 
bone and other organics has the potential to improve key mechanical properties such as 
toughness and energy to failure [36]. 
The presence of macro- and microporosity are key features of HA bone scaffold design, 
which allow for osteogenesis.  However, porosity reduces both the strength and stiffness of 
materials [38].  Thus, a balance must be established between the porosity required for bone 
ingrowth and the mechanical properties necessary to maintain structural integrity during the 
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healing process.  Scaffold fabrication techniques which allow for precise control of these 
parameters appear to be crucial for the design and implementation of successful scaffolds. 
1.4 Fabrication Techniques 
One method to create HA-based scaffolds is through micro-robotic deposition (-RD), a 
direct-write or solid free-form frabrication (SFF).  This manufacturing technique is used to 
fabricate scaffolds with a periodic array of macropores, which allows for strict control over the 
macrostructure, and thus the macroporosity.  In addition, the technique allows for control of the 
microporosity [36], [39], [40], [41], which allows for the manipulation of scaffold characteristics 
and properties such as pore size, pore fraction, strength, modulus, and permeability.  Scaffolds 
fabricated by SFF methods are generally reported to have better mechanical properties than those 
fabricated by conventional ceramic processing routes such as slip foaming [28], [42]. 
The -RD technique and the incorporation of multi-scale porosity have increased the 
potential for HA to be a successful bone scaffold material.  However, in order for multi-scale 
HA-based scaffolds to be incorporated clinically, they must first be characterized mechanically 
in order to determine if they can be used load-bearing defects.  As mentioned previously, after 
implantation in vivo, the scaffold mechanical behavior changes as bone and other soft tissue 
begin to grow throughout.   
The scaffold behavior after implantation, growth, and degradation should be 
characterized because in general the composite properties change overtime [43-45].  Thus it is 
also important to characterize the mechanical behavior of HA-based scaffolds containing bone 
tissue.  However, mechanical testing of the composites following implantation and bone growth 
is challenging and therefore, data in the literature is limited.  To overcome this complication, this 
work modeled the bone tissue phase of the HA/tissue composite using poly(methyl methacrylate) 
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(PMMA).  PMMA has mechanical properties similar to that of bone [46], [47] and was used to 
infiltrate the scaffolds in this work.  It was assumed that the scaffolds did not degrade in vivo and 
that the macro- and microporosity was filled completely with bone.   
1.5 Scope and Organization 
 The purpose of the work presented in this thesis was to characterize the mechanical 
properties of bulk microporous BCP, monolithic BCP scaffolds with multi-scale porosity, and 
BCP/PMMA composite scaffolds with multi-scale porosity.  This thesis is organized as follows.  
Chapter 2 presents a background on the mechanical properties of HA-based scaffolds.  
Mechanical test data from over 20 separate studies are compared in order to show the effects of 
porosity on strength and data are also compared to properties of bone.  In Chapter 3 bulk 
microporous BCP samples were analyzed using resonant frequency testing to determine the 
elastic properties.  The influence of the pore size on these elastic properties was discussed.  In 
Chapter 4 monolithic BCP and composite BCP/PMMA scaffolds with multi-scale porosity were 
tested in compression.  Different pore fractions and pore sizes were compared to examine their 
effects on the scaffold mechanical strength. 
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Chapter 2: Background on the Mechanical Properties of 
Hydroxyapatite and Hydroxyapatite/Polymer Composites 
2.1 Target mechanical properties for bone scaffolds 
Chapter 2 is based on a review paper written by Wagoner Johnson and Herschler [72]. 
The need for scaffolds that can be used to repair load-bearing bone defects, which are often also 
large defects, is apparent.  However, the specific mechanical requirements of the scaffolds being 
studied to repair such defects, beginning from implantation through complete healing, are yet to 
be established.  By extension, the most appropriate materials and their corresponding mechanical 
properties are still under debate.   
The target properties, such as strength and elastic modulus that have been explicitly 
stated or implied in the literature span several orders of magnitude.  Several different approaches 
have been taken in terms of designing for mechanical properties.  For example, many papers 
state that bone scaffold properties should match those of natural bone [29], [48], [49], [50], [51].  
Table 2.1 summarizes the compressive, flexural, and tensile strengths, elastic modulus, and 
porosity for both cortical and cancellous bone for reference.  Another study took a different 
approach and optimized scaffold pore architecture such that the scaffold stiffness matched the 
stiffness of the native bone initially and the stiffness of the regenerated bone matched that of the 
native bone at the end point [50].  In a different paper, the authors stated simply that ―the 
mechanical properties of the scaffold must be sufficient and not collapse during handling and 
during the patient‘s normal activities‖ [52].  To contrast these studies, another study argued that 
scaffold strength should be greater than the bone it will replace [53].  The same authors indicated 
the need for fixation devices to shield scaffolds from loading.  These examples from the 
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literature demonstrate the diversity in target mechanical properties for bone scaffolds and that 
there is not agreement in the literature.      
Table 2.1. Mechanical properties of cortical and cancellous bone.  NA indicates not available. 
 
Compressive 
Strength (MPa) 
Flexural 
Strength 
(MPa) 
Tensile 
Strength 
(MPa) 
Modulus 
(GPa) 
Porosity (%) 
Cortical Bone 
[54-57] 
130-180 135-193 50-151 12-18 5-13 
Cancellous Bone 
[27],[58-60], [33]  
4-12 NA 1-5 0.1-0.5 30-90 
 
Researchers have reported that one of the limiting factors for the use of CaPs in load-
bearing applications is strength [52], [61], [62].  However, a range of porosities and architectures 
have been characterized and CaPs can have strength and stiffness that are similar to those of 
cortical and cancellous bone (Table 2.1) in some forms (e.g. [3], [29], [52]).  The real limiting 
factor for CaPs in load bearing applications may be in the inherent brittleness of this class of 
materials.   
2.2 Scaffold characteristics that influence the mechanical properties of CaP 
There are several major characteristics that influence the mechanical properties of CaPs, 
as well as other ceramics.  These are introduced very briefly below and more indepth discussions 
can be found elsewhere [63], [64].  It is understood that the characteristics that influence 
mechanical properties can be controlled by processing parameters. 
Pore size, fraction, distribution, and architecture have a strong influence on the mechanical 
properties of CaPs and ceramics in general [12],[30],[63-67].  One of the most common 
representations of the relationship between strength and pore fraction is given by Eq 2.1 [30], 
[68], [69], 
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 0 exp bp    Eq 2.1 
in which σ is the strength of the porous ceramic, σo is the strength of the fully dense material, b is 
an experimentally determined constant related to the sensitivity to porosity, and p is the pore 
fraction.  The exponential relationship between porosity and compressive strength observed in 
several studies whose data are included in this review, is discussed in more detail in section 
2.3.5. 
It is well accepted that an increase in increasing pore size leads to a decrease in strength.  
Pore geometry also affects the strength [65] through the local stress concentration introduced by 
the pore. While Equation 1 takes into account the pore fraction through p, there is no similar 
relationship for pore architecture. 
The phases present in the CaP bulk materials and scaffolds, determined by the average 
composition as well as by the heat treatment [70], affect the mechanical properties [70], [71].  
For example, the effect of -TCP on the strength of biphasic calcium phosphates is discussed in 
[72].  Many studies report a monotonic decrease in strength with increasing -TCP while some 
studies reported a distinct peak for smaller (10 weight percent) fractions of -TCP [72].  
However, the trends are not well characterized and the mechanisms are not well understood. 
Crystallinity and grain size also affect the mechanical behavior of CaPs. A more 
prominent crystalline phase, lower pore fraction, and smaller grain size are all associated with 
increased stiffness, compressive and tensile strengths, and fracture toughness [52].  In general, 
for ceramics, strength is proportional to the inverse square root of the grain size [63], similar to 
metals.  
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Bioceramics are very sensitive to flaws and, as a result, data typically have a considerable 
amount of scatter.  The scatter can be taken into account using Weibull statistics [73].  Weibull 
modulus is determined from a large data set and represents the reliability or the probability of 
failure.  A Weibull modulus of 100 is typical of steels and 5-20 for ceramics [63].  The strength 
of ceramics is also sensitive to sample volume and the distribution of flaw sizes [74].  The 
relationship between strength and sample volume is shown in Equation 2 [39] where σi and Vi are 
the failure strengths and volumes for sample i, respectively, and m is the material Weibull 
modulus.  
1
1 2
2 1
mV
V


   
   
   
 Eq 2.2 
Cordell et al. [39] found that reliability of HA depends on deformation mode (bending or 
compression) along with pore size and pore size distribution; reliability was higher for smaller 
average pore size in bending, but lower for smaller pore size in compression.  Data for Weibull 
modulus of CaPs in the literature is sparce as compared to other properties such as compressive 
strength.  
2.3 Mechanical properties of CaPs used for bone repair and replacement 
Data from this thesis and for data from over 20 independent studies were compiled in 
Figure 2.1 and Figure 2.2 in order to illustrate the range compressive properties.  Table 2.2 
serves as a detailed legend for Figure 2.1 and Figure 2.2. Of the general class of CaP 
bioceramics, this paper focuses only on those which have been reported by the authors as being 
HA, -TCP, or BCP.  Scaffolds are defined as having pore sizes large enough to accommodate 
bone growth (>100µm) or are specifically classified as scaffolds by the authors.  Bulk materials 
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are defined as those that do not satisfy minimum pore size requirements and/or are not described 
as scaffolds by the authors. CaP-based scaffolds are divided into two groups of base materials:  
HA and BCP.  Those referred to as ―BCP scaffolds‖ consist of both HA and -TCP unless 
otherwise noted.  The materials classified as polymer composite scaffolds consist of a polymer 
matrix and a particulate CaP phase, unless otherwise noted, and are referred to as CaP/polymer 
composites. 
The general trends for mechanical properties in bending and in tension are similar to 
those reported and discussed for compression.  Therefore, the trends are discussed in Appendix 
A to avoid repetition.   
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Figure 2.1. Compressive strength of CaP-based materials and CaP/polymer composites compiled from over 20 different papers.  Data are grouped according to 
classifications: bulk HA or bulk BCP; HA scaffolds; BCP scaffolds; CaP/polymer composite scaffolds; and monolithic polymer scaffolds.  One exception is for 
Miranda et al. (denoted by *).  These data are included in the BCP category, but are the only study in that category with β-TCP and no HA.  Within each material 
category, data are plotted in order of decreasing strength.  Two horizontal shaded regions indicate the range of compressive strength for cortical (top) and 
cancellous bone (bottom) given in Table 2.1.  Table 2.2 provides a detailed legend and includes more information on material, pore size and pore fraction.  Image 
from [72]. 
12 
 
Figure 2.2. Plot illustrating the dependence of compressive strength on total porosity for all references included in Figure 2.1.  The data are grouped by material 
category using colored lines. Bulk HA and BCP, HA scaffolds, BCP scaffolds, HA/polymer and polymer scaffolds are represented by blue, green, red, and 
orange lines, respectively.  One exception is for Miranda et al. (denoted by *).  These data are included in the BCP category, but are the only study in that 
category with β-TCP and no HA.  Two data sets from two different groups are considered ―outliers‖ and are demarcated with dashed lines.  Table 2.2 is also the 
legend for this figure.  Image from [72]. 
 
13 
Table 2.2. This table serves as the legend for Figure 2.1 and Figure 2.2 and also provides more detail for each of the 
studies included in those figures.  The symbols used in Figure 2.1 and Figure 2.2, material(s) tested, pore size(s), 
pore fraction(s), are all included. The list of authors is in the same order as presented in Figure 2.1.  *Pore fraction 
calculated for this review paper based on information provided by referenced authors; ** These data are included in 
the BCP category, but are the only study in that category with β-TCP and no HA; †Different conditions taken from 
the same paper with B and Sc denoting bulk and scaffold, respectively; ‡ Pore size estimated by authors of this 
review from microscopy images.  Table from [72]. 
Symbol First Author [ref] Material 
Pore Range 
(μm) 
Porosity 
Range (%) 
 Akao [75] Bulk HA NR 3-19 
 
Pramanik [76] Bulk HA NR 42 
 Cordell B† [39] Bulk BCP 1-10, 2-15 40 
 Charriere [77] Bulk HA NR 44 
 Prokopiev [78] Bulk HA <5‡ 13-36 
 Le Huec [66] HA Scaffolds 
2-20, 100-
400 
23-65 
 Miranda** [41] HA Scaffolds 290-310 40 
 
Liu [30] HA Scaffolds; β-TCP Scaffolds 93-420 42-61 
 Oliveira [79] HA Scaffolds 50-600 70 
 Chu [80] HA Scaffolds 350-450 40 
 Zhao [81] HA Scaffolds 
1-5, 300-
600‡ 
85 
 Dellinger [40] 
BCP Scaffolds 
NR 
1-30, 270, 
680 
28-80* 
 Cordell Sc† [39] 13wt% β-TCP 
1-10, 2-15, 
250-350 
73 
 Woodard [36] 9wt% β-TCP 2-8, 250-350 41-70 
 Bignon [69] NR 
300-600, 
600-1250 
53-73 
 Guo [82] 7-95wt% β-TCP 400-500 44-71 
 Habibovic [83] 0-30wt% β-TCP NR 70-80 
 Cai [84] HA / PLA-Chitosan Scaffolds 
2-10, 100-
200 
85 
 
Lv [85] HA / PLAGA Scaffolds 185-200 22-35 
 Wang [86] HA / Polyamide66 Scaffolds 200-500 80-86 
 Zhao [81] HA/PDLLA with CS or ChS 300-600‡ 85 
 Cui [87] HA / PLGA Scaffolds 
1-50, 100-
300 
90 
 Converse [88] HA / PEKK Scaffolds 200-300 75-90 
 Dorati [89] PLGA Scaffolds 200-300 84-89 
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2.3.1 Bulk CaPs in compression 
There are several key points for the bulk materials.  First, the compressive strength spans 
two orders of magnitude across studies, from 5 to over 500 MPa (Figure 2.1), but overlaps only 
about 10% in porosity (Figure 2.2).  Two other key points from the compilation of the bulk data 
follow.  First, the data from the two studies of bulk HA that varied porosity fit Eq 2.1 well (see 
section 2.3.5).  The data have similar slopes, suggesting the same sensitivity to flaws, despite the 
difference in magnitude of strength.  Finally, almost none of the bulk materials fall within both 
the strength and pore fraction of cortical or cancellous bone (Table 2.1), indicating that these 
clearly are not good candidates for bone substitutes in this form.   
Note that from the studies of the bulk materials only Cordell et al. [39] and Prokopiev et al. 
[78] included the pore size, but all report pore fraction.  Details such as pore size range and 
fraction are found in Table 2.2. 
2.3.2 HA and BCP scaffold properties in compression 
There are several key observations in comparing compressive strength of the HA and BCP 
scaffolds.  First, the range in strength for both types of scaffolds, 0.8 to 342MPa, is comparable 
to that of the bulk materials, 5 to 509 MPa (Figure 2.1).  This point is interesting considering that 
some of the scaffolds have twice the porosity yet similar strength as compared to the bulk 
materials (Figure 2.2).  Thus, it is possible to synthesize very porous CaP scaffolds that are also 
strong relative to bulk CaP and relative to bone (Table 2.1).  This debunks somewhat the 
frequent statements that CaPs suffer from low strength compared to bone. 
In comparing HA and BCP scaffolds to one another, the strength overlaps significantly but 
HA scaffolds span a larger range of porosity than do the BCP ones (Figure 2.2).  The overlap is 
15 
somewhat misleading, in part because of the data from Zhao et al. [81] extend the range of the 
strength of the HA scaffolds an order of magnitude lower compared to the next highest strength.  
This appears to be the main source of the major overlap in properties for the two scaffold types.  
It should be noted that while Zhao et al. [81] use scaffolds with the highest porosity, they also 
indicate that the HA they use contains ―trace amounts‖ of -TCP. Thus, it is possible that these 
scaffolds should be categorized as BCP scaffolds, in which case the data would fit with that 
shown for BCP, with no gaps (Figure 2.1).   
Two studies from the group of BCP scaffolds are responsible for extending the range to 
strengths as high as those reported for the HA scaffolds [40], [36].  These belong to a class of 
scaffolds that are fabricated using a direct-write method referred to as micro-robotic deposition 
(-RD) [90], [91].  These scaffolds have the same pore geometry, though different pore size. 
Porosity is determined by the strut, also referred to as rod, diameter and spacing, which is 
precisely controlled through the fabrication method.  These scaffolds are discussed in more detail 
in Appendix B because these are the scaffolds of interest in this thesis and they have the same 
architecture and basic composition and processing parameters from several independent studies.  
There was not another set of scaffolds that could be compared in this way and therefore these 
warrant discussion. Two final observations from comparing the HA and BCP scaffold data 
follow.  First, data taken from a single study and for which a range of pore fractions were 
evaluated for scaffolds, show a good fit to Eq 2.1 (section 2.3.5).  This affirms the use of this 
equation to describe the behavior of CaPs with relatively high pore fraction and pore size (i.e. 
scaffolds) and for a wide range of independent studies.  Finally, many of these scaffolds fall 
within the strength of cancellous bone or between cortical and cancellous bone and the porosity 
spans almost the entire range of porosity for cancellous bone (Table 2.1).  Therefore, based on 
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these data that consider only compressive strength and porosity and no other scaffold 
characteristics, these scaffolds may be good candidates for use for bone replacement and repair.     
Two of the studies in the HA scaffold category vary pore size, which is known to affect 
strength, and show conflicting trends.  The HA scaffolds with the highest compressive strength 
come from Le Huec et al. [66], which is similar to the bulk strength (Figure 2.1).  These 
scaffolds also have the lowest porosity at less than 30% (Figure 2.2).  In this study, authors 
indicate that pore size does not have a strong influence.  Liu vary both pore size and pore 
fraction [30] and find that, for a given pore fraction, smaller pore sizes does yield consistently 
higher compressive strengths.     
2.3.3 The effect of β-TCP on strength of BCP composite scaffolds 
Perhaps one of the most interesting results stemming from all of the data compiled for this 
review comes from comparing the data for bulk HA or HA scaffolds with varying amounts of β-
TCP, also referred to as BCP.  Without considering any other variables, compressive [92], [41], 
[82], [83], flexural [41], [71], and biaxial compression strength data [93] for bulk material and 
for HA and BCP scaffolds are combined from multiple studies and strength plotted against β-
TCP content (Figure 2.3).  This allows for the observance of general trends over a wide range of 
studies.  The major conclusions based on this plot are that β-TCP is detrimental to strength, and 
properties decrease with increasing β-TCP for almost all studies shown.  It should be noted that 
this representation of the data considers only the variable of β-TCP content; therefore data in 
Figure 2.3 can be used only for comparing within a study and not for comparing magnitudes 
across studies. The result of compiling the data in this manner is quite striking and this perhaps is 
the most conclusive demonstration of the effect of β-TCP content on strength of HA and BCP.  
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Figure 2.3.  Data illustrating the effect of wt% β-TCP on strength for BCP composites. The figure includes data for 
both bulk (solid lines) and scaffold materials (dotted lines) and compression, flexural strength (*), and biaxial 
compression (**) data.  These data demonstrate the general trend of a decrease in strength for the BCP composites 
with high β-TCP content.  Image from [72]. 
 
Of studies that vary β-TCP content, only one reports a monotonic increase in strength 
with the addition of β-TCP (not shown) [94].  All others reported observing either a peak in 
strength [71], [82], [83], or simply a decrease in strength [50], [57], [61].  The data from Metsger 
et al. [94], which reports the increase in strength, are not included in Figure 2.3 because the 
paper does not provide specific data points.  Habibovic et al. [83], Guo et al. [82], and Raynaud 
et al. [71] show maximum strengths at approximately 20, 40, and 10 wt% β-TCP, respectively.  
In contrast, Miranda et al. [70], Shiota et al. [63], and Ruys et al. [73] all show a monotonic 
decrease in strength.  There is no obvious correlation between processing parameters or porosity 
that would contribute to the observed behavior as no two papers used the same parameters or 
examined the same variables.   
There has been some speculation as to the mechanism responsible for the decrease in 
strength in the presence of β-TCP and for the peak in strength in some cases that has been 
reported by multiple independent research groups [41], [71], [92] .  However, the theory has not 
been proven explicitly to our knowledge.   
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The decrease in strength observed in Figure 2.3 is postulated to be caused by the 
introduction of microcracks during one or more phase transformations that can take place during 
sintering. Tricalcium phosphate has three crystal structures, β-TCP, α-TCP, and α‘-TCP, which 
are reported to be stable below 1180ºC, between 1180ºC and 1400ºC, and above 1470ºC, 
respectively [95].  A change in volume can accompany such phase transformations, which may 
introduce microcracks and decrease strength as a result.  Authors who have proposed a 
mechanism for a peak in strength speculate that a small amount of β-TCP actually strengthens 
the composite based on a rule of mixtures argument [92]. 
2.3.4 CaP/polymer composite scaffold properties in compression 
Several observations can be made from the data on the composites.  Note that the 
scaffolds across studies vary appreciably in terms of base polymer, pore size, shape, and 
constituents.  Figure 2.1 and Figure 2.2, and Table 2.2 include the compiled data for the 
CaP/polymer scaffolds.  Table 2.2 serves as a detailed legend for those figures.   
Perhaps the most important observation is that the addition of HA (none of the studies 
report adding β-TCP) does not increase strength over that of the monolithic polymer in almost 
any case (Figure 2.1 and Figure 2.2).  This is important because many researchers add the harder 
HA phase to the polymer scaffolds in order to increase strength [52], [62], but these compiled 
data show no effect or the opposite intended effect. 
Another observation is that the polymer and composite data in Figure 2.1 and Figure 2.2 
point to low strength, in general, relative to monolithic CaPs in both bulk and scaffold forms.  In 
comparing among the material categories, strengths for the CaP/polymer composites all fall 
below the lowest strength for bulk CaPs (Figure 2.1). The CaP/polymer material category had 
both the highest porosity (~75-90%) and the lowest strength in compression (0.01-2.9MPa with 
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the exception of Cai et al. [84]). Only three data sets for the composites overlap with HA and/or 
BCP scaffolds in both strength and porosity [81], [86], [88].  Furthermore, the compressive 
strengths from almost all of the polymer/HA studies included fall below that of cancellous bone 
(Table 2.1).  Some studies show data that are more than two orders of magnitude lower in 
strength. 
2.3.5 Relationship for porosity and compressive strength for a subset of studies  
Studies involving ceramics without a polymer phase that reported properties for three or 
more pore fractions were plotted in Figure 2.4 in order to investigate the exponential behavior 
predicted by Eq 2.1.  Table 2.3 shows the best fit equations and corresponding R
2
 values for the 
studies in Figure 2.4.  The presentation of these data in this form (Figure 2.4) shows that a range 
of data from many different studies fit Eq 2.1 well.  This affirms the use of this equation to 
describe the behavior of CaPs with relatively high pore fraction and pore size (i.e. scaffolds). 
The fit of the data from Liu et al. [30] (R
2 
= 0.671) is not as strong as other data shown. 
Liu et al. [30] varied pore size and pore fraction, testing 61, 55, and 42% porosity and 420, 188, 
and 93 µm size pores.  The fit improved from 0.671 when grouped together, to 0.92, 0.98, and 
0.99 when the data were separated by pore size (data not shown).  This demonstrates that, for 
some cases, the pore size does influence the trend in behavior.  We note that the two sets of 
samples with higher pore size and pore fraction may be suitable for use as bone scaffolds, as the 
pore size, fraction, and compressive strength, are in the range of cancellous bone (Table 2.1). 
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Figure 2.4.  Exponential fits of compressive data illustrating the exponential relationship between strength and 
porosity presented in Eq 2.1.  The plot is uses a semi-log scale. In the legend the first author is given followed by *, 
**, *** for bulk, HA, and BCP respectively.  The numbers in parentheses are the R
2
 values. 
 
Table 2.3. A summary of the authors from Figure 2.4 with the corresponding material, trend line equation and R
2
 
value, and reference number.  *When the data from Liu et al. was separated by pore size the R
2
 values increased to 
0.92, 0.98, and 0.99. 
First Author [ref] Material Equation R² 
Akao et al. [75] Bulk HA σ = 536.7e
-0.029p
 0.988 
Prokopiev et al. [78] Bulk HA σ = 23.121e
-0.046p
 0.833 
Le Huec et al. [66] HA Scaffolds σ = 2568.1e
-0.087p
 0.878 
Liu et al.* [30] HA Scaffolds σ = 152.59e
-0.041p
 0.672 
Guo et al. [82] BCP Scaffolds σ = 102.85e
-0.054p
 0.730 
Dellinger et al. [40] BCP Scaffolds σ = 2053.3e
-0.074p
 0.946 
 
 
 
2.4 Summary 
CaPs show definitive promise for repair of some load-bearing defects because of the 
properties described in (section 2.1), such as osteoconductivity and bioactivity.  Further, the data 
compiled here show that most of the HA and BCP scaffolds overlap with cortical and cancellous 
bone in either strength, porosity, or both (Figure 2.1 and Figure 2.2) and some fabrication routes 
allow for further tuning of properties.  This reinforces their potential for repair of some load-
bearing defects. In contrast, few CaP/polymer composites overlap the strength of bone and most 
are at the upper limit of porosity as compared to cancellous bone.  Unlike the CaP materials, the 
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degradation rates would need to be carefully controlled and matched to bone growth to some 
degree, in order to approach similar strength and porosity as compared to native bone. 
Most of the studies of -TCP with HA (i.e. BCP, Figure 2.3) show a monotonic decrease 
in strength with increasing -TCP and a couple studies show a distinct peak.  Researchers should 
be aware of this trend as many report that one motivation for including HA is the potential 
increase in strength [52], [62]; the cost/benefit should be taken into account in scaffold design.  
Most researchers do not quantify ―brittle behavior‖ or toughness.  Perhaps more 
importantly, research should begin to focus more extensively on novel ways to increase the 
toughness and reliability without sacrificing other important properties that make CaPs good 
materials to interface with bone.  The data on CaP/polymer composites in this paper indicate that 
this issue is unresolved and perhaps not simple [81]. 
A potential mechanism to increase toughness of CaP scaffolds that has not been fully 
explored is that of multiscale osteointegration.  In other words, the idea is to exploit the natural 
properties of bone and create a co-continuous composite of bone and scaffold with bone growth 
on both the macro (>100m) and the microscales (<50m).  Most research has indicated that the 
minimum pore size for bone ingrowth is 100 m.  However, there has been some evidence of 
bone growth into micropores at the periphery of scaffolds [96-98] and more recent evidence of 
growth deep into scaffold rods or struts [34], [35].  A composite with both phases completely 
interconnected may yield a tougher bone/scaffold composite material by providing mechanisms 
to blunt cracks and impede crack growth.  This could ultimately extend the use of CaPs to a wide 
range of load-bearing defects. 
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Chapter 3: Elastic Properties of Biphasic Calcium Phosphate 
3.1 Introduction 
There is strong interest in CaP-based materials for tissue engineering and other 
applications in bone replacement and repair. However, one limitation of CaPs is the inherent 
brittle nature, which is a typical characteristic of ceramic materials.  In general, the elastic 
properties of ceramics are governed by the composition and by the population of defects.  
Specifically, the fraction of porosity has a strong influence on elastic properties.  Several 
relationships between the Young‘s modulus and porosity have been reported [63].  Those 
relevant to CaPs are shown in Table 3.1 where E is the Young‘s modulus, E0 is the modulus of 
the fully dense material, p is the pore fraction, a is the shape factor.  In addition, different flaw 
populations (e.g. pores of varying sizes) can cause variability in the elastic properties [63]. 
 
Table 3.1. Empirical relations between the Young‘s modulus and porosity for ceramics. 
 
2
0 1E E p   For solid foams with very high porosity p > 0.7 Eq 3.1 
   
2
0 1 1E E p a p       
Accounts for different types of porosity: 
interconnected, isolated, and ribbon-like 
Eq 3.2 
 0 exp 4E E p   Empirical for 0.4 > p > 0 Eq 3.3 
  
Materials that are made of up interconnected pore networks supported by solid struts or 
plates are termed cellular solids [99].  For these materials an empirical relation has been 
developed for the dependence of Young‘s modulus on density (Eq 3.4).  The variables m and C 
are constants, and s subscripts are for solid fraction.   
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 Eq 3.4 
Several methods can be used to measure the Young‘s modulus of ceramics, including 
nanoindentation, ultrasonic testing, and resonance frequency (RF) techniques.  The ultrasonic 
and RF techniques are dynamic methods for determining the Young‘s modulus.  Dynamic 
methods have been shown to be more accurate than static methods, because static and dynamic 
methods have uncertainties of ±10% and <0.5%, respectively [63].  The RF technique measures 
the fundamental frequency of a specimen during excitation caused by the single elastic strike 
from an impulse tool [100].  The Young‘s modulus is then determined from the fundamental 
frequency, sample dimensions and mass (see Eq 3.6 and Eq 3.7).  The RF method is 
advantageous because it is nondestructive in nature such that it does not affect the properties of 
the specimen, the possibility of fracture is minimal, and only small strains are introduced [100], 
[101]. 
 The RF technique has been successfully employed to measure the elastic constants of 
bioceramics such as dense HA and HA-based scaffolds [101], [102], [103].  Using the RF 
technique in different studies, the Young‘s modulus for dense HA was measured to be 117 GPa 
while that of cortical bone was 24.6-35 GPa.  It is clear that dense HA has a much higher 
Young‘s modulus than both cortical and cancellous bone Table 2.1.  This large mismatch in 
stiffness between HA and surrounding native bone can lead to stress shielding [104], in which 
there is a reduction in bone density in the surrounding bone.  
Microporosity or macroporosity can be introduced in HA for multiple reasons.  First, 
porosity is necessary for bone ingrowth and recent research has shown that microporosity 
enhances osteoconductivity and potentially osteoinductivity (section 1.3).  Second, porosity will 
reduce the elastic properties compared to fully dense, which will better match the elastic 
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properties of bone. As mentioned previously (section 1.3), both macro- (>100 µm) and 
microporosity (<10 µm) play a fundamental role in the growth of tissue into bone scaffolds.  The 
ideal HA-based scaffold microstructure necessary for bone growth must be determined while 
exhibiting elastic properties similar to the surrounding osseous tissue.   
The purpose of this study was to characterize the elastic properties of bulk BCP with 
microporosity.  Bulk RF tests were used to measure Young‘s modulus for set of four sample 
types with two nominal micropore sizes and fractions.  Results are compared to bone and to 
other studies of elastic properties of CaPs. 
 
3.2 Methods 
3.2.1 Material characterization and sample preparation 
 All HA-based samples were fabricated by preparing a colloidal suspension, or ink, 
derived from HA powder from Ridel-de Haën described in detail by Hoelzle [105].  Polymethyl-
methacrylate (PMMA) microspheres were incorporated into the suspension serving as sacrificial 
porogens.  To investigate how mechanical properties are affected by pore size, two different 
types of PMMA beads were used (Sekisui Plastics Co.).  The first set of microspheres were 
labeled MBX-50 and the size reported by the manufacturer was 47.03 ±15.37 μm. The second set 
was labeled MBX-5 and the size reported by the manufacturer was 5.47 ±1.87 μm.  A size 
analysis of the microspheres was conducted independently from the manufacturers by AVEKA, 
Inc. This was performed using Horiba LA-950 laser scattering particle size distribution analyzer 
to obtain an accurate PMMA particle size distribution.   
To examine the effects of micropore fraction on mechanical properties two different 
PMMA solid volume fractions were used: 45% and 55%.  To obtain the optimum rheological 
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properties during the deposition process, high solids loading (47-55 vol%) was required [106].  
Table 3.2 shows each ink type used and its associated solids loading values.  The PMMA 
microspheres and other organic additives were later burned out during an incremental heating 
and sintering process leaving a microporous architecture [39].  The sintering profile is shown 
below in Table 3.3.  The profile reaches 900ºC to burn out all organic matter then ascends to 
1300ºC for complete sintering of the HA.  This sintering process causes an approximately 
uniform shrinking of 30% in each dimension.  Thus the macroscopic dimensions and micropores 
of every sample condensed approximately 30% once sintered. 
Table 3.2. Solids loading in percent of volume for each type of HA ink. 
Solid volume fraction of PMMA PMMA Type Solids Loading 
45% MBX-50 54% 
45% MBX-5 47% 
55% MBX-50 55% 
55% MBX-5 47% 
 
Table 3.3. Organic burnout and sinter profile. 
Ramp 
(ºC/hr) 
Temperature 
(ºC) 
Dwell 
(hr) 
180 100 1 
60 250 4 
60 350 0 
180 900 2 
600 1300 2 
600 300 0 
 
The HA was characterized in previous work by [39] using X-ray diffraction (XRD) both 
for as-received and sintered powder for phase identification and quantification.  Mercury 
intrusion porosimetry (MIP) was performed on each sample type to characterize the sample 
microstructure and pore fraction using a Micrometrics Autopore II9220 (Micrometrics 
Instrument Corporation).  Pore fraction was determined by an additional method by comparing 
the density of the samples to the theoretical density of HA.  Sample density is defined as the 
mass divided by the sample volume.  The sample volume is the volume determined by measuring 
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the three dimensions of the rectangular cuboid.  The theoretical density of dense HA was 
determined based on measurements by a helium pycnometer (Micromeritics AccuPyc 1330) on 
crushed HA after sintering [39]. Eq 3.5 was then used to determine pore fraction. 
1 sample theoreticalPore Fraction     Eq 3.5 
 All HA-based samples were fabricated using microrobotic deposition (μ-RD) [105].  In 
this process the HA colloidal suspension was loaded into a plastic syringe with an attached 
nozzle at the bottom.  These syringes were inserted into the μ-RD robot and the HA suspension 
was extruded through the nozzle by a plunger system onto a metal plate immersed in oil.  The 
suspension was then deposited via a continuous stream based on user-specified inputs.  These 
parameters are discussed in more detail in sections 3.2.2 and 4.2.1.  The end result was a lattice 
structure consisting of layers of orthogonal HA ink suspended in the oil bath.  After deposition, 
samples were left in the oil for several hours to begin to remove moisture then the oil was 
removed to allow them to dry further through natural convection for at least 24 hours.  Once the 
scaffolds had substantially dried and obtained some green strength, they were carefully placed in 
a kiln for the sintering process.    
3.2.2 Sample Preparation for Resonance Tests 
For the RF test samples, the HA ink was first prepared following the procedure described 
in Hoelzle [105].  After adjusting the viscosity, the ink was prepared for deposition.  The 
deposition parameters for the RF samples were chosen in order to have a large aspect ratio 
(length to width and height) according to ASTM C215-08 for testing transverse and longitudinal 
resonant frequencies.  The μ-RD parameters as deposited are summarized in Table 3.4. 
. 
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Table 3.4. Deposition parameters for the RF samples. 
Rows 42 
Columns 5 
Layers 7 
Row spacing 1.25 mm 
Layer height 1.00 mm 
Nozzle diameter 1.55 mm 
Nozzle start height 1.16 mm 
 
These parameters were chosen to ensure that there were no gaps or voids in between 
deposited rods.  To confirm, a subset of samples was scanned using micro-computed tomography 
(micro-CT) with an energy of 75 kV, a voxel size of 17.3 µm, and an aluminum filter of 1 mm.  
For improved efficiency, four samples were scanned at a time.  Two samples were positioned 
next to each other horizontally, and then a second set of samples was placed on top of the first 
set. 
After sintering, samples were sanded to smooth all edges and obtain relatively uniform 
dimensions.  Using a custom designed aluminum sanding jig (Figure 3.1) samples were sanded 
to final dimensions of 5.5 x 5.5 x 41 mm with sandpaper of 600 grit.  The mass of each sample 
was also measured and used with the dimensions to calculate density.  A total of 40 samples 
were tested—10 of each sample type. 
 
Figure 3.1. RF sample jig (left) and sample dimensions (right). Images from [39]. 
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3.2.3 Resonance Tests 
 The elastic constants of the bulk samples were calculated by determining the fundamental 
resonant frequencies following the impact resonance method in ASTM C215-08 [107].  The 
specimens were tested for both longitudinal and transverse resonance frequencies.  It was 
assumed the RF specimens were homogeneous and isotropic materials, therefore it was expected 
that the two tests would give similar results.  The two tests were carried out as a way to confirm 
the data by ensuring accurate results.   
The RF specimens were simply supported and a specified location struck with a 6 mm 
diameter steel impactor.  The vibrational response of the specimen was measured by an industrial 
accelerometer (PCB Piezotronics, Inc.).  The locations for the impactor, supports, and 
accelerometer are shown in Figure 3.2.  The voltage output response was displayed on an 
oscillioscope (LeCroy Waverunner).  Digital processing hardware (Fieldworks NDT Vibration 
Testing) used a fast Fourier transform to display on a computer screen the amplitude/frequency 
response.  From this plot the fundamental frequencies of the waveform were recorded.  Different 
modes of vibration were tested by adjusting the location of the supports, the point of impact, and 
accelerometer position (Figure 3.2). 
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Figure 3.2. Schematics of longitudinal and transverse resonance test set-up. 
 
2CMnE   Eq 3.6 
2)'(nDME   Eq 3.7 
 
Table 3.5. Definitions of variables for Eq 3.6 and Eq 3.7. 
Variable Definition Unit 
M Mass of specimen Kg 
n Fundamental transverse frequency Hz 
n' Fundamental longitudinal frequency Hz 
L Length of specimen m 
t, w 
Cross sectional dimensions, 
w being the width and t being the height 
m 
T Correction factor - 
D 4 (L / wt) m
-1
 
C 0.9464 (L
3
T / wt
3
) m
-1
 
 
Once the fundamental frequencies were determined, the dynamic elastic modulus was 
calculated using Eq 3.6 and Eq 3.7 based on the transverse and longitudinal frequencies, 
respectively.  The other variables used in Eq 3.6 and Eq 3.7 were determined based on the 
dimensions and mass of the specimens.  Statistical analysis was performed using OriginPro 8 
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software using two-sample Student‘s t-tests when two groups were compared and two-way 
ANOVA when more than two groups were compared. 
 
3.3 Results 
3.3.1 Material and sample characterization 
 Cordell et al. [39] showed using XRD that the sintered HA consisted of HA and 13% β-
tricalcium phosphate (β-TCP) (Figure 3.3).  Because of the biphasic nature of the material, 
samples made from the sintered HA powder will be referred to as biphasic calcium phosphate 
(BCP).  The theoretical density of the BCP was experimentally determined to be 3127.7 kg/m
3
 
[39]. 
 
Figure 3.3. X-ray diffraction patterns of as-received and sintered HA powder.  Image from [39]. 
 indicates the β-TCP peak. 
 
 The particle sizes measured by Aveka, Inc. for the MBX-5 and MBX-50 PMMA 
microspheres were 6.23 ± 2.77 μm with range of 1-20 μm, and 47.3 ± 19.57 μm with range of 9-
170 μm, respectively.  The BCP samples made using the MBX-5 and MBX-50 microspheres are 
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here on referred to as D6.23 and D47.3, respectively.  The particle size distribution of the two 
microsphere types is shown in Figure 3.4. 
 
Figure 3.4. Particle size distributions of D6.23 and D47.3 microspheres.  
  
The sample densities, pore fractions, as measured by fraction of theoretical density and 
MIP, and median pore interconnection size are shown in Table 3.6.  Figure 3.5 shows the 
distribution of pore interconnection sizes as a fraction of the porosity for each sample type.  
Figure 3.6 shows a graphical representation of the sample densities and the experimentally 
determined theoretical BCP density.  All sample types are statistically different from each other 
(p < 0.05).   
Table 3.6. Density, pore fraction, and mean pore interconnection size of D6.23 and D47.3 BCP samples. ± indicates 
one standard deviation of spread. 
 Density (kg/m
3
) 
Pore Fraction 
(%)
a
 
Pore Fraction 
(%)
b
 
Median Pore 
Interconnection Size 
(μm)
b
 
MP45 D6.23 1738 ± 73 44.4 ± 2.3 44.5 2.06 
MP45 D47.3 1921 ± 62 38.6 ± 2.0 42.9 2.97 
MP55 D6.23 1397 ± 31 55.3 ± 1.0 58.4 2.93 
MP55 D47.3 1607 ± 86 48.6 ± 2.7 54.9 6.97 
a
 as measured by fraction of theoretical density 
b
 as measured by MIP 
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Figure 3.5. Histogram of pore interconnection diameters for the bulk BCP samples.   
 
 
Figure 3.6. Plot comparing the density of the 4 different bulk RF sample types and the theoretical density of BCP.  
The theoretical density of BCP is represented by the shaded box and was determined by helium pycnometer [39].  
Sample density was determined by measuring the sample mass and dimensions.  All sample types were statistically 
different from each other (p < 0.05).  Statistical significance determined using Student‘s t-test.  Error bars indicate 
standard error. 
 
Samples used for RF tests were imaged using micro-CT to inspect for unwanted internal 
voids.  Figure 3.7 shows samples that are solid, but typically have several small voids 200-300 
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µm, and a large void 1200 µm.  Figure 3.7 a) shows a cross section of two samples that are 
completely solid, indicating that during the fabrication process, the cylindrical rods sufficiently 
overlapped, leaving no gaps in between.  On the other hand, as shown in Figure 3.7 b) and c), 
some samples contained small voids or a few large voids.  Resonance data taken from samples 
with large voids (>300 μm) or with several small voids (< 300 μm) was not used in the data 
analysis.   
 
 
Figure 3.7. Micro-CT images of RF samples showing representative cases of a) no voids, b) many small voids, and 
c) large voids. 
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3.3.2 Elastic Behavior 
 Representative responses of the longitudinal and transverse vibration behavior of the RF 
samples are shown in Figure 3.8.  Longitudinal and transverse elastic moduli were determined 
using the peak frequencies from the amplitude/frequency plot together with Eq 3.6 and Eq 3.7.  
The results are shown in Figure 3.10.  In most cases the longitudinal and transverse moduli were 
statistically similar.  The exception was for the MP55 DD6.23 samples, which showed higher 
transverse moduli as compared to longitudinal.  The dependence on density for the Young‘s 
modulus of the RF samples is shown in Figure 3.12.  The data was fit to a linear trend line 
similar in form to Eq 3.4 with R
2
 = 0.962. 
 
  
 
 
Figure 3.8. Representative figures of the amplitude/frequency response for a) longitudinal and b) transverse and 
voltage output response for c) longitudinal and d) transverse for RF testing. 
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Figure 3.9.  Representative amplitude/frequency plots of the MP55 D6.23 sample during transverse testing.  
Transverse tests usually showed several peaks and inconsistent RFs within a sample type. 
 
 
 
Figure 3.10. Mean elastic moduli for transverse and longitudinal vibration modes.  Indicators for the significant 
difference across groups are not shown but are discussed in the text. * indicates p < 0.05.  Error bars indicate 
standard error. 
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Figure 3.11. Plot showing the elastic modulus dependence on density for bulk RF samples.  A linear trend line is 
added and is a good fit. 
 
 
Figure 3.12. Plot illustrating the exponential relationship between pore fraction and modulus for the RF samples.  
The relation is similar to that of Eq 3.3. 
 
The results of the statistical analysis comparing pore fraction and pore size from data 
presented in Table 3.6 are shown in Table 3.7.  Two sample Student‘s t-tests were performed on 
sample types with common pore fraction or pore size.  Also, a two way ANOVA was performed 
to compare the two pore fractions and two pore sizes.  Each comparison for the longitudinal 
elastic modulus, transverse elastic modulus, and density were found to be statistically different 
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(p< 1.0E-7).  Table 3.8 shows the statistical analysis comparing the results obtained from the 
longitudinal and transverse vibration tests for each sample type.  MP55 D6.23 was the only sample 
type that showed significantly different results between the two different vibration modes. 
 
Table 3.7. Statistical analysis results showing significance of pore fraction and size on the elastic properties and 
density of the bulk BCP samples.  Statistical significances for the first four comparisons were determined using 
Student‘s t-test.  Statistical significances for the last two comparisons were determined using 2-way ANOVA. * 
indicates p < 0.05. 
 P-value 
Comparison Longitudinal Modulus Transverse Modulus Density 
MP45 D6.23 vs. MP45 D47.3 2.01E-16* 1.72E-12* 3.96E-06* 
MP55 D6.23 vs. MP55 D47.3 2.02E-19* 1.18E-09* 1.44E-06* 
MP45 D6.23 vs. MP55 D6.23 1.98E-19* 3.75E-14* 1.86E-09* 
MP45 D47.3 vs. MP55 D47.3 5.28E-18* 4.53E-14* 2.68E-09* 
MP45 vs. MP55 6.79E-08* 6.91E-08* 1.74E-08* 
D6.23 vs. D47.3 6.79E-08* 6.91E-08* 1.32E-12* 
 
Table 3.8. Statistical analysis comparing the longitudinal and transverse moduli.  Statistical significances were all 
determined using Student‘s t-test. * indicates p < 0.05. 
 
P-value comparing Longitudinal vs. 
Transverse Modulus 
MP45 D6.23 0.6788 
MP45 D47.3 0.2007 
MP55 D6.23 1.36E-11* 
MP55 D47.3 0.6292 
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3.4 Discussion 
3.4.1 Measurements of sample density and pore size 
The densities for the four different types of RF samples were not as expected.  It was 
expected that the two MP45 scaffold types would have similar densities, and the two MP55 
scaffold types would have similar densities.  However, the density was significantly higher for 
scaffolds with D47.3 micropores (Table 3.7).  This may have resulted from the HA ink processing 
procedure.   
Ink with porosity was fabricated using hard PMMA beads.  After the PMMA 
microspheres were burned out during sintering some porosity was left over.  The size of the 
individual pores was expected to correlate with the size of the microspheres.  Based on previous 
work [105], BCP shrinks approximately 30% isometrically during the sintering process.  Thus 
the D6.23 and D47.3 samples would have average micropore sizes of 4.36 and 33.1 µm, 
respectively. The pore size for these sample types measured using the SEM images was 2.75 ± 
1.98 µm for D6.23, and 3.30 ± 5.07 µm for D47.3 (Chapter 4). 
This may have occurred due to different packing capabilities of the different PMMA 
beads.  The amount of PMMA added was calculated and measured based on a volume of beads 
rather than a weight of beads.  Larger beads likely pack less efficiently than smaller beads. 
Therefore, the actual mass of MMA beads would be more for smaller beads than larger ones.  
This means that, for a given volume fraction of beads (here the targets were 45 and 55%), the 
smaller beads would have more PMMA mass and therefore more porosity than the larger ones.  
Therefore, the density for D6.23 scaffolds would be less than the density for D47.3 scaffolds.  This 
was shown to be true for both pore fractions and the differences were statistically significant 
(Table 3.7). 
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 In addition, the mean pore interconnectivity sizes were not as expected for the D47.3 
samples.  This is correlated with the D47.3 micropores having much lower diameters than 
expected.  This discrepancy was also likely caused by the fact that there were less hard PMMA 
beads than intended, and many nanoscale pores.  The sintering process introduced many, <1 µm 
sized, pores evident in the D47.3 samples.  These nanoscale pores were much more prevalent than 
the micropores (Figure 4.8) and lowered the median pore interconnectivity size measured by 
MIP.   
3.4.2 Young’s modulus dependence on pore size and fraction 
There was a trend that within the MP55 and MP45 groups; higher pore sizes were 
correlated with higher Young‘s moduli (Figure 3.10).  However, this does not imply that pore 
size influences stiffness.  As mentioned previously, the densities varied between samples with 
different pore sizes from the fabrication process.  Density plays a large role in the elastic 
differences between samples with different micropore sizes (Figure 3.11).  Figure 3.13 shows the 
dependence of sample density on the Young‘s modulus for several HA-based materials.  The 
data include the four different bulk BCP samples from this study, two BCP scaffolds measured 
by Cordell et al. [39] using ultrasonic techniques, and dense HA measured by the RF technique 
[63].  Because of the high levels of interconnected porosity in these samples (Table 3.6), they 
can be modeled as cellular solid foams with the Young‘s modulus relation show in Eq 3.4.  A 
linear trend line observed in Figure 3.13 showed the best fit and strong correlation between the 
Young‘s modulus, E, and density, ρ.  Therefore the relation for bulk HA-based materials is 
similar in form to Eq 3.4 where m = 1. 
40 
 
Figure 3.13.  Plot demonstrating the relation between elastic modulus and sample density.  Data include results 
from this study, those from Cordell et al. [39], and dense HA from [63]. 
 
In this work, both D47.3 RF sample types had higher densities than the D6.23 sample types, 
and therefore this lead to higher Young‘s moduli.  In addition, in a study by Cordell et al. [39], it 
was concluded that differences in micropore size of bulk HA-based samples led to no significant 
differences in elastic constants such as Young‘s modulus, shear modulus, and Poisson‘s ratio.   
Figure 3.10 demonstrated that lower pore fraction was related to higher elastic moduli.  It 
is well known that increasing the porosity in ceramics decreases the elastic modulus [63].  Figure 
3.14 displays the dependence of pore fraction on the Young‘s modulus for several HA-based 
materials.  The data include the four different bulk BCP samples from this study, two BCP 
scaffolds measured by Cordell et al. [39] using ultrasonic techniques, compressive and bending 
moduli of bulk HA by Akao et al. [75], and the Young‘s modulus of bulk HA measured by 
nanoindentation by He et al. [32].  These data span from fully dense to 56% porous.  The 
Young‘s modulus decreases with increasing pore fraction for all studies.  A trend line was fit to 
the data, similar to Eq 3.3, showing an exponential decrease in modulus, E, with increasing pore 
fraction, φ.  This equation was used because it has been shown to be valid for porosities less than 
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40% while Eq 3.1 and Eq 3.2 are for much higher porosities, greater than 70%.  Slight 
differences could have arisen from differences in sample geometries, presence of difference 
phases (e.g. β-TCP), and different test methods. 
 
Figure 3.14.  Plot of elastic modulus vs. pore fraction which includes data from this study and several outside 
studies.  An exponential trend line is added similar in form to Eq 3.3 and is a good fit. 
 
3.4.3 Comparison to bone 
The Young‘s moduli of the bulk RF samples, shown in Figure 3.10, vary between 14 and 
42 GPa while the Young‘s modulus of cortical bone is in the range 12-18 GPa (Table 2.1).  
Many papers state that bone scaffold properties should match those of natural bone [18], [29], 
[49], [50], [51] and a study by Hollister et al. [50] optimized scaffold pore architecture such that 
the scaffold stiffness matched the stiffness of the native bone initially and the stiffness of the 
regenerated bone matched that of the native bone at the end point.  Therefore this material would 
not be used as a scaffold in this form.  Using the same material as a scaffold would introduce 
macroporosity and reduce the Young‘s modulus (Chapter 4).    
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3.4.4 Comparison between longitudinal and transverse modulus 
The longitudinal and transverse moduli measured by RF were statistically similar for all 
sample types except for the MP55 D6.23 sample type (Table 3.8).  For these, the longitudinal 
modulus was significantly less than the transverse.  This most likely was caused by difficulties 
that arose during the transverse testing of that specific sample type.  A representative 
amplitude/frequency plot for two trials of the MP55 D6.23 sample from the transverse testing is 
shown in Figure 3.9.  The transverse RF was difficult to determine because there were several 
peaks with large, overlapping bandwidths, and results between different trials were sometimes 
inconsistent.  Therefore when determining which resonant peak to choose, some bias may have 
been introduced.  However, the longitudinal modulus of the same material was much different, 
having sharper peaks characteristic of Figure 3.8 a).   
The frequency response of the four sample types can be quantified with the Q factor 
which is related to the width of the peak in the frequency spectrum [108].  Eq 3.8 gives the 
relation for the Q factor: 
rfQ
f


, Eq 3.8 
where rf  is the resonance frequency, and f  is the bandwidth.  Table 3.9 shows the Q factors 
for both the transverse and the longitudinal vibration modes, for each sample type.  The Q factor 
for the MP55 D6.23 transverse case was considerably smaller than the Q factors for the other three 
cases.  Lower Q factors result from faster damping and therefore increased losses in the material 
[108].  These losses are correlated with porosity and flaws in the material [108].  The MP55 D6.23 
had the highest porosity of all the sample types (Table 3.6), which is likely the cause of the 
extreme amount of loss.  From Table 3.9, the MP55 D6.23 is clearly an outlier in the transverse 
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mode, and there is too much loss in the material for it to be accurately characterized by the RF 
method.   
Table 3.9.  Q factors for each RF sample type in both longitudinal and transverse vibration modes. 
 Transverse 
Sample Type MP45 D6.23 MP45 D47.3 MP55 D6.23 MP55 D47.3 
Q Factor 26.4 41.9 28.2 6.3 
 Longitudinal 
Sample Type MP45 D6.23 MP45 D47.3 MP55 D6.23 MP55 D47.3 
Q Factor 135.9 152.4 139.0 156.6 
 
It is unknown exactly why the MP55 D6.23 had a considerably lower Q factor for the 
transverse mode but not for the longitudinal.  The longitudinal responses all had higher Q factors 
than the transverse (Table 3.9).  Thus it may be an issue related to a unique response experienced 
in flexural bending for highly porous materials that does not occur in the longitudinal response.  
Possible variables include the larger displacements and/or shear stresses that occur in flexural 
bending, or poroelastic behavior [108] which can affect the vibrational response. 
3.5 Conclusions 
 The densities and pore sizes of some of the RF samples were not as expected.  Likely 
being caused by different packing capabilities of the different PMMA beads during ink 
fabrication, the D47.3 samples had very sparse large pores leading to a significantly more dense 
material. 
Relationships for micropore fraction and density with the Young‘s modulus of the RF 
samples were quantified.  The Young‘s modulus showed an exponential dependence on 
micropore fraction (Eq 3.3), and a linear dependence on density (Eq 3.4).   
The bulk samples averaged about twice the stiffness as cortical bone.  Therefore in this 
state, this bulk material is not suitable as a scaffold. 
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Longitudinal and transverse moduli are statistically similar for all but the highest porosity 
sample type.  The frequency response for this sample type was degraded, having overlapping 
peaks and high bandwidths (low Q factors).  Because the results were less clear, the data was 
more difficult to analyze and therefore the results for this sample type were less reliable.  
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Chapter 4: Mechanical Properties of Biphasic Calcium Phosphate 
and Polymethylmethacrylate Composites 
4.1 Introduction 
There are many complications and difficulties that arise in scaffold biomaterial design 
when determining the desired target mechanical properties [72].  This is because of the complex 
and dynamic biological environment they must exist in, where biomaterial properties can change 
unpredictably over time [10].  Therefore, it has not been possible to clearly demonstrate the 
relationship between initial structure, microstructure, and properties, and bone ingrowth and the 
final mechanical properties of the scaffold structure. 
In bone tissue engineering literature, there are many different scaffold characteristics that 
affect mechanical properties including the specific material, structures, pore configurations [12], 
[49], [52], [109].  This leads to further challenges when attempting to analyze the mechanical 
properties of the scaffold/tissue composite after bone ingrowth.  This work presents a 
fundamentally different experimental approach to quantifying these composite mechanical 
properties. 
In this work BCP scaffolds were embedded with PMMA to form a BCP/PMMA 
composite and the composite scaffolds were tested in compression.  The PMMA, which has 
comparable mechanical properties to bone [46], [47], simulates bone tissue which has grown into 
the scaffold and completely filled the scaffold macropores.  This represents an upper bound for 
the properties of the scaffold/bone composite.  Scaffolds with four different microsctructures 
were fabricated and tested in compression.  Scaffold microstructure, specifically microporosity, 
has been shown to affect bone ingrowth and resulting properties (section 1.3).   Therefore, the 
different microstructures represent a range of possible scaffold/tissue composite mechanical 
properties. 
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BCP scaffolds and BCP/PMMA composite scaffolds with four different microstructures 
were fabricated and their mechanical properties and damage evolution were evaluated. The same 
macrostructure was used for all scaffolds and scaffold/polymer composites.  The four different 
microstructures consisted of scaffolds with two different micropore sizes and two different 
micropore fractions.  These were created by using PMMA microspheres of different nominal 
sizes to create two micropore sizes, and by using two volume fractions of PMMA to create two 
micropore fractions.  Composite scaffolds were fabricated by infiltrating the scaffolds with 
PMMA, representing 100% bone growth in the samples.   
4.2 Methods 
4.2.1 Monolithic Sample Preparation 
Both monolithic and composite BCP samples used the HA ink preparation and deposition 
protocols were presented in section 3.2.  Using μ-RD, HA scaffolds were deposited in layers of 
orthogonal rods, creating a lattice structure.  The deposition parameters used are shown in Table 
4.1. 
Table 4.1. Deposition parameters for scaffolds. 
Rows 11 
Columns 11 
Layers 28 
Row spacing 0.96 mm 
Layer height 0.39 mm 
Nozzle diameter 0.51 mm 
Nozzle start height 0.42 mm 
 
After deposition the samples were air dried and then sintered (see section 3.2.1).  As 
mentioned in section 3.2, the sintering procedure causes an incomplete phase transformation 
from 100% HA to 87% HA and 13% β-TCP.  This is also referred to as BCP.  Once sintered, the 
BCP scaffolds were sanded using a custom-designed sanding jig with screw holes to allow for 
precise repositioning of the scaffold during the sanding process (Figure 4.1).  A thin piece of 
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stainless steel shim stock was placed on two small screws in the pocket of the sanding jig.  These 
two screws were raised and lowered using a hex wrench in order to adjust the height of the 
scaffold during sanding.  A larger screw was used to prevent lateral motion.  The scaffolds were 
sanded using 220 grit to final dimensions of 5.0 x 5.0 x 8.0 mm with cross sectional tolerances of 
±0.3 mm. 
 
  
 
Figure 4.1. Custom designed sanding jig (left) used for scaffolds and scaffold dimensions after sanding (right). 
 
Mean pore size was also determined by the line intercept method using [110] scanning 
electron microscopy (SEM) images and ImageJ software (NIH).  Samples imaged in SEM were 
sputter-coated with 7 nm of gold-palladium coating prior to imaging into the scanning electron 
microscope (Philips XL30 ESEM-FEG).  Five lines were drawn on each micrograph (Figure 4.2) 
and the average line length intersecting the pores was reported as the pore size.  At least 5 
images from each sample type were used. 
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Figure 4.2. Representative SEM image of MP55 D6.23 microstructure with randomly drawn lines used to determine 
mean pore size. 
 
4.2.2 Composite Scaffold Preparation 
The initial fabrication processes for the composite specimens were the same as the BCP 
scaffolds, as discussed in section 4.2.1.  After sintering, the BCP scaffolds were embedded in 
PMMA to form BCP/PMMA composites.  For this procedure, custom designed jigs were 
fabricated using a rapid prototype machine in the Mechanical Engineering Laboratory at UIUC 
(3-D Systems Viper Si Stereolithography Apparatus).  The jig was fabricated using the ProtoGen 
White rapid prototyping material, which does not react with methylmethacrylate (MMA) during 
polymerization.  A schematic of the PMMA embedding jig is shown in Figure 4.3.  The jig was 
103.9 x 103.9 mm with a wall thickness of 7.5 mm on four sides.  Polytetrafluoroethylene 
(Teflon) sheets, ¼‖ in thickness, were custom-machined to 25.15 x 25.15 mm and placed in 25.4 
x 25.4 mm pockets (Figure 4.3).  Each of the Teflon squares had one centered 6.9 mm x 6.9 mm 
pocket in which the sintered and lightly sanded BCP scaffolds were placed for embedding. 
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Figure 4.3.  Embedding jig fabricated by rapid prototyping technology (left) and Teflon square machined to fit in 
the pockets of the embedding jig (right). 
  
Prior to embedding, the BCP scaffolds were lightly sanded around the bottom edges to 
allow for a tight fit into the Teflon pocket.  Once inserted, the scaffolds were infiltrated with 
MMA using a similar protocol for histology [111].  Briefly, MMA was added to the jigs 
containing the scaffolds along with ethanol, benzoyl peroxide, and PMMA atactic beads over a 
three day period while under a vacuum.  After MMA infiltration, the jigs were moved to a water 
bath the temperature of which was manually increased 1.5 degrees Celsius every 24 hours in 
order to polymerize the MMA monomer.  Following polymerization, the scaffolds were 
machined out of the PMMA using a CNC mill.  The CNC tool bit first machined around the 
individual scaffolds and then made a second pass around the perimeter of the Teflon squares, as 
illustrated in Figure 4.4.  The PMMA did not strongly adhere to the Teflon squares, therefore, the 
scaffolds were removed easily from the jigs and the jigs were reused.   
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Figure 4.4. Illustration of the first CNC pass around the scaffold (left) and the second pass around the perimeter of 
the Teflon square (right).  Schematics are in cross-section.  Scaffolds were approximately 5.0 mm square after 
machining.  
 
After machining, there was excess PMMA, approximately 1 mm thick, surrounding the 
base and on the top of the scaffold, which had to be removed prior to mechanical testing.  A 
separate custom-designed aluminum fixture approximately 39.7 mm x 170 mm x 15 mm was 
machined and used to trim the excess PMMA (Figure 4.5).  The fixture was made 39.7 mm tall 
to be just taller than the CNC clamps.  The fixture had six slots, each with dimensions of 5 mm x 
4.8 mm.  The 4.8 mm dimension was less than the 5.0 mm dimension of the scaffolds, which 
allowed for a snug fit between the scaffold and metal.  Pins were inserted 5 mm below the top 
surface of the fixture for scaffolds that may have had slightly smaller dimensions than the fixture 
to prevent them from falling through the pocket.  Scaffolds to be trimmed were placed into the 
pockets of the fixture above the pin, and a custom-CNC program was used to pass the cutting 
tool around the edge of each scaffolds.  Next, the scaffolds were inserted upside down and the 
CNC machine again cut away excess PMMA on the top of the scaffolds.  This process ensured 
scaffold dimensions of 5.0 x 5.0 x 8.0 mm with cross sectional tolerances of ±0.15 mm for the 
composite scaffolds. 
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Figure 4.5. PMMA trimming fixture with six slots used to machine off excess PMMA (left) and cross sectional 
dimensions of each slot (right). 
 
The composite scaffold geometry was measured using micro-CT imaging (Skyscan 
1172).  At least 3 samples of each composite type were imaged.  The rod diameter and in- and 
out-of-plane rod spacing were measured using standard tools in the visualization software 
amira®.  Figure 4.6 illustrates the conventions for measuring rod diameter, center-to-center rod 
spacing, and edge-to-edge rod spacing in amira®.  Center-to-center rod spacing was measured 
from one rod edge to an adjacent rod edge rather than center to center to allow for better 
consistency. 
   
Figure 4.6. Conventions for determining a) rod diameter, b) pore length, c) pore height for micro-CT. 
 
 The macropore fraction of the composites was also measured using the micro-CT and an 
imaging tool in amira®.  A unit cell was defined for each scaffold (Figure 4.7).  The scaffold and 
macropore space were segmented using the tool in amira®.  The volumes of the pixels in the two 
regions were determined then the volume of the empty space was divided by the total volume of 
the unit cell to give the macropore fraction. 
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Figure 4.7. Illustration showing the unit cell chosen (dotted box) in amira®. 
 
4.2.3 Mechanical Testing 
The compressive strengths of the monolithic BCP and composite BCP/PMMA scaffolds 
were determined using an Instron 8500 machine with a 13.3kN load cell.  The scaffolds were 
inserted into the machine such that the platens were parallel to the two square surfaces.  The 
bottom platen was slowly raised until the sample was just below the top platen.  This was done 
cautiously to prevent applying a small preload, ensuring no cracks on the top surface were 
introduced before the test.  A lamp illuminated the samples so that the test and fracture behavior 
of scaffolds could be could digitally recorded (PixeLINK Firewire Camera).  The camera 
resolution was 1280 x 960 and data recorded at 15 frames per second using Measurement and 
Automation software.  The compression test was executed using the single ramp vision test with 
LabVIEW 7.1 software.  A constant displacement rate of 0.5 mm/sec, ramp amplitude of -10 
mm, and data collecting interval of 0.01 seconds were used.    
Compression tests were stopped at various stages of the test in order to observe the 
failure behavior of the scaffolds.  Forty monolithic BCP samples and forty BCP/PMMA 
composite samples were tested in total; with ten samples for each of the four types of scaffolds.  
For the monolithic BCP samples, five of each type of scaffold type was tested to failure and five 
were tested to stresses near the peak strength.  Failure for monolithic scaffolds was defined as the 
point at which the scaffold carried no load.  For the BCP/PMMA composite samples, three of 
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each type was tested to peak strength, three were tested to the plateau stress, and four were tested 
to failure.  Plateau stress was defined as the minimum in the curve following the peak load, or as 
the region of approximately constant stress following the peak load.  The composites were 
considered to have failed when the scaffolds underwent densification, which corresponded to a 
dramatic increase in stress after the plateau region.  Monolithic PMMA cylinders with similar 
dimensions were tested and compared against monolithic BCP and BCP/PMMA composite 
scaffolds. 
 
4.3 Results 
4.3.1 Material and sample characterization 
Monolithic Scaffolds 
Representative SEM micrographs of the microstructures for the MP45 D6.23, MP45 D47.3, 
MP55 D6.23, and MP55 D47.3 BCP scaffolds are shown in Figure 4.8.  Table 4.2 shows the sample 
densities and pore fractions, as measured by fraction of theoretical density and MIP, respectively, 
and the median pore interconnection size and mean pore size of the monolithic BCP scaffolds.  
Figure 4.9 shows how the pore connection sizes are distributed in terms of their pore fraction. 
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Figure 4.8. SEM micrographs of a) MP45 D6.23, b) MP55 D6.23, c) MP55 D47.3, and d) MP55 D47.3 BCP scaffolds. 
Scale bars are 20 μm. 
 
Table 4.2. Density, pore fraction, and mean pore interconnection size of D6.23 and D47.3 monolithic BCP scaffolds. ± 
indicates one standard deviation of spread. 
   
Density 
(kg/m
3
) 
Total Pore 
Fraction 
(%)
a
 
Total Pore 
Fraction 
(%)
b
 
Median Pore 
Interconnection Size 
(μm)
b
 
Mean Pore Size 
(μm)
c
 
MP45 D6.23 1035 ± 76.1 66.9 ± 2.4 60.4 2.60 2.51 ± 1.93 
MP45 D47.3 1145 ± 86.3 63.4 ± 2.8 57.4 6.10 2.71 ± 3.84 
MP55 D6.23 918 ± 76.3 70.6 ± 2.4 63.3 2.48 2.98 ± 2.01 
MP55 D47.3 968 ± 51.5 69.0 ± 1.6 58.6 7.64 4.65 ± 6.64 
a
 measured by fraction of theoretical density 
b
 measured by MIP 
c
 measured by SEM 
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Figure 4.9. MIP data for each monolithic BCP scaffold type illustrating the distribution of pore connection 
diameters. 
 
Composite Scaffolds 
 Previous work has shown complete infiltration of PMMA into both macro- and 
micropores (Figure 4.10) when monolithic BCP scaffolds were embedded in PMMA [112].  The 
voids observed are not expected to have a significant effect on the mechanical behavior of the 
composite and are expected to be similar across sample types.  They may actually be an artifact 
of the preparation process, which includes cutting and polishing the samples. 
 
Figure 4.10. Representative SEM images of PMMA-infiltrated scaffold.  PMMA completely infiltrated micropores 
(left) and macropores (right) [112].  
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 Schematics of in- and out-of-plane geometry are shown in Figure 4.11. The scaffolds had 
an average rod diameter of 416 ± 4.99 μm with a center-to-center rod spacing distance of 707 ± 
4.85 μm in-plane and 715 ± 61.0 μm out-of-plane. The scaffold macroporosity was 46.9 ± 1.3 %.  
A graphical representation of the average sample densities is shown in Figure 4.12. 
 
Figure 4.11. Schematics of a) in-plane (top view) and b) out-of-plane (view from cross section AA) geometry.  
Image adapted from [39]. 
 
 
Figure 4.12. Density of the nine different scaffold types used in this study.  Density was determined by measuring 
the sample mass and dimensions.  Statistical significance comparisons were not made across groups: BCP, 
composite, and monolithic PMMA.  Statistical significance was determined using Student‘s t-test.  * indicates p < 
0.05.  Error bars indicate standard error. 
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4.3.2 Mechanical Behavior 
 Representative stress-strain curves are shown in Figure 4.13 for both the monolithic BCP 
and composite scaffolds.  Monolithic BCP scaffolds tended to fail after reaching their peak stress 
following the behavior characteristic of ceramics.  That is, failure resulting from the 
accumulation and propagation of microcracks [63].  Composite samples, however, showed a 
decrease in stress after the peak stress and then the stress increased.  This behavior is typical of 
cellular solids as the walls of the units collapse and the material densifies [99].  Similar behavior 
was observed by Woodard et al. [36] after BCP scaffolds similar to those studied here were 
implanted intramuscularly in swine and tested in compression.  
The mechanical properties of the monolithic BCP, composite BCP/PMMA, and 
monolithic PMMA samples are summarized in Table 4.3.  Both peak stress and elastic modulus 
were calculated from the compression test data for the composites and monolithic PMMA 
samples.  For the monolithic BCP scaffolds, only the peak stress was measured in compression 
because the elastic modulus results were inconsistent.  Note that measuring elastic modulus from 
compression test data is not very accurate.  Therefore, the data for elastic modulus will be 
compared within this study, and not compared to other data in the literature.  Strength and elastic 
modulus of the samples tested are shown in Figure 4.14 and Figure 4.15, respectively. 
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Figure 4.13. Representative stress-strain curves for a) monolithic and b) composite scaffolds. a) Monolithic scaffold 
stress peaked and then samples underwent steady failure. b) The peak stress for the composite scaffolds was 
followed by a moderate decrease in to a minimum stress, and finally a continuous increase in stress as the material 
densified. This behavior is characteristic of cellular solids [99]. 
 
Type Microsphere 
Strength 
(MPa) 
Elastic Modulus 
(GPa) 
Monolithic MP45 D6.23 8.94 ± 4.61 - 
Monolithic MP45 D47.3 8.78 ± 3.33 - 
Monolithic MP55 D6.23 8.21 ± 3.98 - 
Monolithic MP55 D47.3 8.38 ± 2.55 - 
Composite MP45 D6.23 116.40 ± 26.45 4.03 ± 1.78 
Composite MP45 D47.3 131.25 ± 4.99 5.06 ± 1.91 
Composite MP55 D6.23 134.35 ± 11.22 5.12 ± 0.92 
Composite MP55 D47.3 115.85 ± 7.08 3.82 ± 0.96 
Monolithic PMMA - 103.09 ± 15.57 2.34 ± 0.31 
Table 4.3. Mechanical properties of monolithic and composite scaffolds and monolithic PMMA. ± indicates one 
standard deviation of spread. 
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Figure 4.14. Compressive strength for the four types of monolithic BCP scaffolds, the four types of composite 
scaffolds, and the monolithic PMMA. Statistical significance comparisons were not made across the three groups: 
BCP, composite, and monolithic PMMA. Statistical significance was determined using Student‘s t-test.  * indicates 
p < 0.05.  Error bars indicate standard error. 
 
 
Figure 4.15. Elastic modulus for the four types of composite samples and the monolithic PMMA. Statistical 
significance comparisons were not made across the three groups: BCP, composite, and monolithic PMMA. 
Statistical significance was determined using Student‘s t-test.  * indicates p < 0.05. Error bars indicate standard 
error. 
 
The results of the statistical analysis are shown in Table 4.4.  A two-way ANOVA was 
performed to compare the effects of pore size and fraction.  Also, two sample Student‘s t-tests 
were performed on sample types with common pore fraction or pore size.  For the monolithic 
scaffolds, that there was no significant difference in strength between any of the groups 
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compared.  The densities of the two D47.3 scaffold types, MP45 D47.3 and MP55 D47.3, were found 
to be significantly different (p = 0.0066).  There was a significant difference between the 
different pore fractions (p = 0.0014), but not between the two different pore sizes. 
There was a statistical difference (p = 4.9E-4) between the compressive strength of the 
composite MP55 scaffolds with two different pore sizes. Similarly, the compressive strength of 
the D47.3 composite scaffolds with two different pore fractions was statistically different (p = 
9.6E-5).  All others were statistically similar.  The elastic modulus of the different composite 
MP55 scaffolds, MP55 D6.23 and MP55 D47.3 with two different pore sizes was also found to be 
statistically different (p = 0.0064) while the rest were statistically similar.  The densities of the 
MP45 composite scaffolds with two different pore sizes and the D47.3 scaffolds with two different 
pore fractions were statistically different.  There was a significant difference in density between 
the scaffolds with D6.23 and D47.3 pore sizes (p = 0.0029) as well for the composites. 
 
Table 4.4. Statistical analysis results showing significance of pore fraction and size on the mechanical properties 
and density of monolithic and composite scaffolds. Statistical significances for the first four comparisons were 
determined using Student‘s t-test.  Statistical significances for the last two comparisons were determined using 
ANOVA. * indicates p < 0.05. 
 
P-value 
Monolithic Composite 
Comparison Strength Density Strength Elastic Modulus Density 
MP45 D6.23 vs. MP45 D47.3 0.9260 0.0917 0.1140 0.4800 0.0057* 
MP55 D6.23 vs. MP55 D47.3 0.9110 0.3835 0.0005* 0.0064* 0.4032 
MP45 D6.23 vs. MP55 D6.23 0.8220 0.2381 0.0710 0.2150 0.4991 
MP45 D47.3 vs. MP55 D47.3 0.7680 0.0066* 0.0001* 0.1200 0.0129* 
MP45 vs. MP55 0.4811 0.0014* 0.7880 0.8022 0.1769 
D6.23 vs. D47.3 0.8250 0.3135 0.7020 0.8040 0.0029* 
 
 4.3.3 Fracture Mechanisms 
Figure 4.16 through Figure 4.29 show stress-strain curves and images taken using the 
high resolution camera of both monolithic BCP and composite BCP/PMMA samples during 
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compression tests.  At least one scaffold of each type is shown.  The scaffold axes are defined as 
follows: the 1-direction is the vertical direction which is perpendicular to the depositing plane, 
the 2-direction is into the page, and the 3-direction is the horizontal direction.  All scaffolds were 
loaded in the 1-direction—perpendicular to the depositing plane. 
Monolithic Scaffolds 
 Monolithic scaffolds were tested to both peak strength and failure.  As defined in section 
4.2.3, failure occurred when scaffolds carried little or no load. Peak strength was the maximum 
stress on the stress-strain curve.  Figure 4.16 shows representative stress-strain behavior of 
monolithic BCP scaffolds tested to the peak strength.  Examples of crack propagation in samples 
tested to peak strength are shown in Figure 4.17 a), b), and c).  Figure 4.17 a) shows evidence of 
horizontal cracking at the top of the scaffold where the crack propagated through the center of 
the rods.  In Figure 4.17 b) the right side of the scaffold has two vertical cracks propagating 
almost the entire length of the scaffold, which started to separate the right column.  Figure 4.17 
c) shows a scaffold with vertical cracks that caused the right column to almost completely 
separate from the rest of the scaffold. 
 Representative stress-strain curves for monolithic scaffolds tested to complete failure are 
shown in Figure 4.18.  The curves feature several abrupt changes in stress in the region of 
gradual failure after the peak stress, which may be small crack initiation or propagation events.  
During initial loading, an increase in stress was accompanied by small changes in slope before 
the sample achieved its peak stress.  After the peak stress, scaffold failure occurred and the stress 
dropped sharply initially then began to gradually decrease with many abrupt changes in stress.   
Figure 4.19 and Figure 4.20 are two examples that illustrate the evolution of failure in 
monolithic samples.  The first image in each sequence corresponds to a sample tested to the peak 
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stress, the second to after peak stress, and the third to near failure.  Near failure is defined as the 
minimum stress at the end of the test.  Shown in the sample for Figure 4.19 a) are vertical cracks, 
the most detrimental of these are on the far left and right of the scaffold.  The image in Figure 
4.19 b), which is taken from a point after the peak stress, shows that a portion of the left side of 
the scaffold has broken off and the far right column has begun to separate.  Finally, Figure 4.19 
c), the end of the compression test, shows that the sample has separated into several pseudo-
vertical columns.  The second example of failure behavior is shown in Figure 4.20 a), b), and c).  
In the first image, take from near the peak stress, there was some moderate vertical cracking with 
a prominent horizontal crack on the left side of the scaffold.  After the peak stress, Figure 4.20 
b), the horizontal and vertical cracks combined and the top left face of the scaffold started to 
rotate about the 2-direction.  At failure, Figure 4.20 c), the front portion of the scaffold fell off 
and the back of the scaffold separated into several pseudo-vertical columns. 
 
 
Figure 4.16. Representative stress-strain curves for each type of monolithic scaffold tested to the peak strength. 
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Figure 4.17. Images of monolithic scaffolds tested to peak strength.  a) Sample MP45_5_S3 with horizontal crack 
(red arrows) that lead to material separation, and some vertical crack propagation. b) Sample MP45_5_S11 with 
vertical cracks through entire length of scaffold leading to column separation. c) Sample MP45_50_S6 with some 
vertical crack propagation and separation into pseudo-vertical columns.  
 
 
Figure 4.18. Representative stress-strain curves for each type of monolithic scaffold tested to failure.  The curves 
are characterized by changes in slope during initial loading (red arrow), a peak in stress followed by failure (black 
arrow), and a gradual decrease in stress with abrupt changes giving a jagged-like appearance. 
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Figure 4.19. Evolution of failure in monolithic MP45 D6.23 S5. a) At the peak stress some vertical cracks are 
apparent. b) After the peak stress material has broken off the left side of the scaffold and the far right column has 
begun to split off. c) At failure the scaffold has broken into several pseudo-vertical columns. 
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Figure 4.20.  Evolution of failure in monolithic MP55 D6.23 S1. a) At peak stress some vertical cracks are present 
with a prominent horizontal (red arrow) crack. b) After peak stress some cracks intersect (white asterisk) and there is 
some rotation of the scaffold face.  c) At failure a portion of the scaffold face has broken off revealing several 
pseudo-vertical columns. 
 
 
 
 * 
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Composite Scaffolds 
 The BCP/PMMA composite scaffolds were tested to peak stress, plateau stress, and to 
complete failure.  Peak stress was defined as the local maximum on the stress-strain curve, which 
occurs before the maximum during densification.  The plateau stress is defined as the minimum 
in the curve following the peak load, or as the region of nearly constant stress following the peak 
load, prior to densification.  Failure was defined as the dramatic increase in stress during 
densification. Figure 4.21 shows representative stress-strain behavior of composite scaffolds 
tested to approximately the peak stress.  The stress-strain curves differ appreciably when 
compared to the monolithic samples tested to peak stress.  The curves for the composites are 
much smoother with no abrupt changes in slope.  In most cases the scaffolds underwent barreling 
before reaching peak strength—expanding horizontally through the cross section.  Figure 4.22 a) 
shows an example of a composite scaffold that had barreled and begun to bulge near the center.  
Diagonal cracks through the rods and cracks along the pseudo-vertical rod columns are visible.  
Figure 4.22 b) shows a second example typical of a composite scaffold tested to peak stress.  
This scaffold showed much fewer signs of cracking—only one horizontal crack near the middle 
is visible. 
 Figure 4.23 shows representative stress-strain curves of composite scaffolds tested to 
stresses beyond the peak stress to at or near the plateau in stress.  In contrast to the monolithic 
scaffolds, the composite scaffolds exhibited an initial peak stress, followed by a decrease in 
stress to a minimum, and/or stress plateau.  Figure 4.24, Figure 4.25, and Figure 4.26 show three 
examples of the evolution of damage for composites tested beyond the peak stress.  The first 
example is in Figure 4.26 a) and b).  In the first image cracks were starting to form vertically 
through the centers of the rods, along different pseudo-vertical columns.  Next, in Figure 4.26 b), 
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some of the cracks merged together and other vertical cracks formed in different pseudo-vertical 
columns.  The second example is shown in Figure 4.24 a) and b).  In the first image there are 
several small cracks that propagated vertically in different columns forming a ‗Y‘ pattern.  
Figure 4.24 b) shows how the cracks merged together at the center and formed a very wide crack 
which started to propagate downward.  Figure 4.25 a), b), and c) show the last example which 
illustrates the evolution of a large scale shear fracture.  The first image in the series shows crack 
propagations that appeared in several different pseudo-vertical columns along the scaffold face.  
Next (Figure 4.25 b)) the cracks became longer and more prevalent which allowed them to 
merge together to form a large scale crack.  The last image shows how the scaffold collapsed and 
had begun to shear apart along this large crack.  
 
Figure 4.21. Representative stress-strain curves for each type of composite scaffold tested to the peak strength. 
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Figure 4.22. Images of composite scaffolds tested to peak strength.  a) Sample MP45_50_S8 with several diagonal 
cracks that propagated vertically are shown and the scaffold had begun to bulge towards the camera.  b) Sample 
MP55_5_S7 with faint horizontal crack (red arrows) along the middle of the scaffold.  The scaffold dimensions were 
approximately 5 x 5 x 8 mm prior to testing. 
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Figure 4.23. Representative stress-strain curves for each type of the composite scaffolds tested to the plateau stress.  
The curves are characterized by an elastic region with a consistent slope (red arrow), gradual failure at the peak 
stress (black arrow), and region of stress that has leveled out referred to as plateau stress (blue arrow). 
 
 
 
 
 
Figure 4.24. Evolution of failure in composite MP45 D6.23 S10. a) At peak stress a series of vertical cracks 3-4 
layers thick, that extend 45° out are present. b) At plateau stress the vertical cracks intersect (white asterisks) and a 
separate multi-layer vertical crack forms. The scaffold dimensions were approximately 5 x 5 x 8 mm prior to testing. 
* 
* 
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Figure 4.25. Evolution of failure in composite MP55 D6.23 S9. a) At peak stress a series of multilayered vertical 
cracks that extend 45° both left and right from the center are present. b) At plateau stress the vertical cracks intersect 
(white asterisk) with wide center crack. The scaffold dimensions were approximately 5 x 5 x 8 mm prior to testing. 
 
 
 
 
 
 
 
 
Figure 4.26 (cont. on next page) 
* 
 * 
 * 
* 
 * 
 * 
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Figure 4.26.  Evolution of failure in composite MP55 D47.3 S8. a) At peak stress a series of multilayered vertical 
cracks that are offset along a 45° line from the bottom left corner are present. b) After peak stress several of the 
vertical cracks had intersected (white asterisk) to form a large crack.  c) At plateau stress the scaffold had begun to 
shear apart along the large crack. The scaffold dimensions were approximately 5 x 5 x 8 mm prior to testing. 
 
Representative stress-strain behavior for composites tested to failure are shown in Figure 
4.27.  Here, the increase in stress after the plateau stress caused by the densification of the 
composite during compression is shown.  Figure 4.28 and Figure 4.29 show two examples of the 
evolution of failure for the composites from peak stress to densification.  The first example is 
shown in Figure 4.28.  Figure 4.28 a) shows several cracks in the centers of the rods near the 
bottom of the scaffold and one long vertical crack towards the top.  The next image in the series 
shows that the cracks at the bottom of the scaffold and the long vertical crack at the top merged 
together to form an upside down ‗Y‘ pattern similar to what was shown in Figure 4.25 c) and d).  
Figure 4.28 c) shows how the large vertical crack at the center of the sample widened and 
effectively split the scaffold in half.   
The second demonstration for the evolution of failure in the composite scaffolds is shown 
in Figure 4.29 .  Figure 4.29 a) shows that several small diagonal and vertical cracks through the 
scaffold rods.  In the next image some of the cracks merged together along a 45 degree line while 
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others started to become more prominent.  The scaffold began to shear along the 45 degree line 
shown in Figure 4.29 c) while cracks still propagated in other areas of the scaffold.  In the last 
image of the sequence, more prominent scaffold failure is shown along the large 45 degree crack 
and many of the smaller cracks had merged together which caused the scaffold to collapse in 
these areas as well. 
 
Figure 4.27. Representative stress-strain curves for each type of the composite scaffolds tested to failure.  The 
curves are characterized by a dramatic increase in stress (black arrow) after the plateau stress. 
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Figure 4.28.  Evolution of failure in composite MP55 D6.23 S4. a) At peak stress a multilayered vertical crack exists 
in the center and several small cracks exist inside the rods in the middle of the scaffold. b) At plateau stress several 
of the cracks had intersected (white asterisk) to form to larger cracks along a 45° line from the center.  c) At failure 
the scaffold had split along the large crack that had formed in the center. The scaffold dimensions were 
approximately 5 x 5 x 8 mm prior to testing. 
 
* 
 * 
 * 
 * 
 * 
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Figure 4.29. Evolution of failure in composite MP55 D47.3 S4. a) At peak stress a series of multilayered vertical 
cracks that are offset along a 45° line from the bottom left corner are present. A second crack exists that intersected 
at the middle (white asterisk) and propagated along a 45° diagonal to the left. b) After peak stress several of the 
cracks had intersected forming a large diagonal crack. c) At plateau stress the scaffold had sheared along the large 
crack (white asterisk) other cracks had formed on the bottom right.  d) At failure the scaffold had collapsed along the 
45 line and had begun to crush near the bottom right crack (white asterisk). The scaffold dimensions were 
approximately 5 x 5 x 8 mm prior to testing. 
 
 
* 
* 
* 
* 
* 
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4.4 Discussion 
4.4.1 Sample characterization 
Total pore fraction was measured by two methods for the scaffolds—MIP and theoretical 
density (Table 4.2).  These methods produced similar trends; MP55 scaffolds had higher pore 
fractions than MP45 scaffolds, and D6.23 scaffolds had higher pore fractions than D47.3 scaffolds.  
Pore sizes were measured by SEM and median pore interconnection size was measured by MIP.  
These values were lower than expected for the D47.3 scaffolds with high standard deviations for 
the pore sizes (Table 4.2). Both of these results are consistent with previous results and 
explanations (section 3.4). 
The variation in bulk density was discussed for the bulk samples in Chapter 3; there was 
a significant difference in density for all bulk samples tested (Table 3.7).  While one might 
expect that the same would be true for the scaffolds however, there were some differences (Table 
4.4, Figure 4.12).  For example, densities for MP45 D47.3 and MP55 D47.3 for monolithic 
scaffolds are significantly different as are MP45 and MP55 if pore size is disregarded, but all 
others are statistically the same.  Therefore, one may conclude that the change in microporosity 
from 45 to 55%, which results in a change of 4.6% total porosity from 65.2% to 69.8% (Table 
4.2), is detectable for monolithic scaffolds and that pore size does not influence density. 
Fewer statistical differences overall were detected for density for the scaffolds as compared to 
bulk samples (Table 4.4, Table 3.7). The standard deviations for density for scaffolds were 
higher, indicating more scatter in the density measurements.  The increase in scatter may be due 
to the fabrication process; scaffolds are more likely to have defects or inconsistencies in rod 
diameter and spacing, as examples. Further, the scaffolds were sanded manually, which means 
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that a given sample could potentially be more dense than another simply due to the location of 
the edge of the scaffold relative to the unit cell.    
Composite samples had higher densities than both the monolithic scaffolds and the 
PMMA standard (Table 4.4).  This occurred because the monolithic scaffolds and the composite 
scaffolds were fabricated with the same dimensions, and the monolithic samples had porosity 
ranging from 63 to 71% (Table 4.2).  When PMMA was infiltrated into the sample more mass 
was added to the same volume.  There could be some pore size dependence for the PMMA 
infiltration that caused certain sample types to be more dense than others or defects or 
inconsistencies in the scaffold fabrication process as described in the previous paragraph.  Table 
4.5 shows the monolithic and composite densities and percent increase in density for each 
sample type.  Samples with higher monolithic densities, i.e. MP45 scaffolds with 45% 
microporosity, had less of an increase in density with PMMA infiltration. Higher density 
samples had less porosity to be filled with PMMA and therefore the percent change would be 
lower. For example, the MP55 D6.23 sample type had the highest porosity, which allowed more 
PMMA to infiltrate than the other samples, which explains why its density increased the most.   
 
Table 4.5. Percent increase in density from monolithic to composite after infiltration of PMMA for each sample 
type.  ± indicates one standard deviation of spread. 
 
Monolithic Density 
(kg/m
3
) 
Composite Density 
(kg/m
3
) 
Percent Increase 
(%) 
MP45 D6.23 1035 ± 76.1 1698 ± 41.4 164 
MP45 D47.3 1145 ± 86.3 1786 ± 75.5 156 
MP55 D6.23 918 ± 76.3 1672 ± 87.0 182 
MP55 D47.3 968 ± 51.5 1709 ± 41.6 174 
 
4.4.2 Scaffold Mechanical Properties 
There was no significant difference in strength for the monolithic samples across sample 
types (Table 4.4, Figure 4.14); neither micropore size nor micropore fraction had an effect on 
strength for these samples.  The former is consistent with results from Cordell et al. [39], who 
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tested 45% microporous scaffolds with 5.96 and 16.2 µm micropores in compression.  We note 
that a change in 10% micropore fraction results in only a 4.6% change in total porosity for the 
scaffolds in this study. From these results, we can conclude that the macroporosity dominates the 
scaffold strength. We postulate that the role of microporosity may be to increase damage 
tolerance of the scaffolds without porosity and this theory is based on the fact that the scaffolds 
do not exhibit catastrophic failure typical of ceramics in compression [63], but most were shown 
to fail at strains of 15 to 18% (Figure 4.13).  The latter needs to be further investigated with these 
scaffolds. We note also that the strength of the monolithic scaffolds is not as sensitive to density 
as compared to the elastic properties measured in Chapter 3.  There was no difference in strength 
despite there being significant differences in density.   
For the composites, significant differences in strength were found in two comparisons: 
MP45 D47.3 vs. MP55 D47.3 and MP55 D6.23 vs. MP55 D47.3 (Table 4.4).  However, when 
comparing only pore size without regard to pore fraction, or only pore fraction without regard to 
pore size, no differences were found.  Nor was there a difference between MP45 D6.23 vs. MP45 
D47.3 or MP45 D6.23 vs. MP55 D6.23.  Based on these results, it is difficult to make strong 
conclusions regarding the effects of micropore size and fraction on composite strength.  Perhaps 
for higher porosities, pore size affects strength for composites, e.g. MP55 D6.23 vs. MP55 vs. 
D47.3.  In the case of MP45 D47.3 vs. MP55 D47.3 (Table 4.4), density was significantly higher for 
MP45 D47.3 for monolithic and for composite samples. 
4.4.3 Fracture Mechanisms 
The failure process of the monolithic scaffolds can be summarized as follows.  First, 
microcracks formed within rods near rod junctions and coalesced into larger vertical cracks that 
traversed the entire rod (Figure 4.17).  Next, these larger cracks appeared in parallel rods through 
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the height of the specimen (Figure 4.17).  The same process occurred on both sides of rod 
junctions, forming an array of columns of rod junctions in the sample.  In the later stages, the 
columns either buckled or broke off completely from the remaining sample (Figure 4.19).  The 
process of these columns buckling and breaking off led to the gradual decrease in stress with 
applied load (Figure 4.18).  The densification region of the curve, seen in many cellular solids 
[99], was not present because the material was no longer either continuous or in contact with the 
platen and carrying load. 
The monolithic scaffolds failure pattern was typical of most ceramics in compression 
[63]—by accumulation of microcracks within the rods that eventually that grew parallel to the 
applied load (Figure 4.30). As the stress in the sample increased, the number and length of the 
microcracks increased.  Cracks tended to form at the rod intersections, or junctions, and 
propagate vertically, parallel to columns of rod intersections.  This crack propagation caused the 
lattice structure to break apart into pseudo-vertical columns which was also shown in ceramic 
scaffolds fabricated using the same method by Miranda et al. [113]. 
 
Figure 4.30. The orientation of cracks in ceramics during compression, where a) shows random initial crack 
orientation at the onsite of loading, and b) shows cracks propagation along the compression axis. 
 
Composite deformation was accompanied by vertical cracks through the centers of rods 
(Figure 4.24, Figure 4.25, Figure 4.26), rather than at the edge of the rod junctions as was seen 
for the monolithic scaffolds.  These cracks formed in different layers and propagated 45 degrees 
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to the loading axis.  The vertical cracks coalesced, forming large 45 degree cracks. Samples then 
sheared along the large cracks.  Shown in Figure 4.31 are the two crack propagation patterns 
observed in the composite samples. In some cases (Figure 4.31 a) these cracks formed in 
different layers through the height of the sample, in other cases (Figure 4.31 b) these multilayer 
cracks formed only in the top or bottom half of the sample.  The second case likely arose when 
the sample became constrained at the edges during compression.  This led to cracks propagating 
at 45 degrees toward the center of the sample then coalescing and further propagating as a large 
vertical crack (Figure 4.25 b), Figure 4.28 b)).  For both these failure modes at large strains 
(>0.3), samples underwent densification which is correlated with an increase in stress on the 
stress-strain curve (Figure 4.27) and is typical of many cellular solids [99]. 
 
Figure 4.31. Illustration of the two observed modes of composite scaffold failure, where a) shows diagonal cracking 
across the entire sample height and b) shows two diagonal cracks that coalesced into a vertical crack.  The direction 
of crack growth is represented by the arrows in the figure.   
 
Composites were much more damage tolerant than monolithic samples and the stress-
strain behavior was more similar to cellular solids materials.  That is, the curves showed a peak 
strength, plateau region, and densification region (Figure 4.27).  Monolithic scaffold showed 
brittle failure, however they exhibited some damage tolerance because the strain over which 
stress decreased after peak strength was substantial (Figure 4.18).  That is, most monolithic 
scaffolds reached peak stress between 2 and 4% strains, and reached at least 15% strain before 
the stress returned to zero. 
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4.4.4 Comparison to Bone 
The strength of the HA/PMMA composites ranged from 90 to 145 MPa (Figure 4.14, 
Table 4.3).  The strength of cortical bone is 130-180 MPa (Table 2.1).  Thus, the composite 
strength is in the lower half of the range for cortical bone.  This represents a good estimation for 
an upper bound for the HA scaffold/tissue composite.  The scaffold damage tolerance, which is 
positively correlated with toughness, increased with the addition of PMMA, which was added to 
simulate bone growth into the scaffold micropores.  This work provides evidence that when 
monolithic scaffolds are placed in a favorable environment for bone ingrowth [35], the toughness 
and damage tolerance of the scaffold may increase once bone regenerates within the scaffold 
macro and micropores. 
4.5 Conclusions 
The change in micropore fraction from 45% to 55% significantly influences the density 
of monolithic scaffolds, but micropore size does not.  Composites with a BCP phase containing 
high pore fraction exhibit higher overall densities than with a BCP phase containing low pore 
fraction, because it allowed for more PMMA infiltration. 
The macropores dominate the mechanical behavior of these scaffolds that were fabricated 
by micro-RD.  Neither micropore size nor fraction significantly influenced strength for the 
monolithic scaffolds.  For the composites it is unclear whether the changes in microporosity 
significantly impacted the scaffold strength.  However, without taking pore size into account, a 
change from 45% to 55% micropore fraction does not significantly influence either the 
monolithic and composite strength. 
Stress-strain curves for monolithic samples show evidence of damage before the peak 
stress and images taken during testing are consistent with this result.  However, samples appear 
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to be relatively damage tolerant, many failing between 15 and 18% strains.  Composite scaffolds 
have higher strength than either the monolithic scaffolds or the monolithic PMMA.  The 
deformation behavior is similar to cellular solids with a peak strength, stress plateau, and 
densification.   
Failure for monolithic scaffolds occurs primarily at rod junctions along the length of the 
scaffold, with pillars breaking off during the course of the test.  Composite scaffolds, however, 
have two main failure modes with cracks that form at 45 degrees to the loading axis and samples 
remain intact for the duration of the test.  Thus, the PMMA clearly provides toughening 
mechanisms for the monolithic scaffolds.  
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Chapter 5: Conclusions 
 
In this work, bulk BCP samples were fabricated with different micropore fractions and 
micropore sizes.  The pore characteristics and dynamic elastic modulus were examined using RF 
techniques.  Monolithic BCP and composite BCP/PMMA samples were fabricated with varying 
micropore fraction and size.  These were tested in compression and the dependence of strength 
on the microporous architecture was observed.  We then examined and compared the fracture 
mechanics of the monolithic and composite scaffolds. 
The densities and pore sizes of a sizeable portion of the RF samples deviated from their 
expected values because during ink fabrication process the PMMA beads used with different 
sizes likely had different packing properties.  The Young‘s modulus of the RF samples show an 
exponential dependence on micropore fraction (Eq 3.3), and a linear dependence on density (Eq 
3.4).  Longitudinal and transverse moduli are statistically similar for all but the highest porosity 
sample type.  This specific sample type was deemed less reliable because of degraded frequency 
responses associated with its data. 
The composite densities show a dependence on the micropore fraction of the BCP phase.  
The mechanical behavior of the BCP scaffolds is more influenced by the macropores than the 
micropores.  Monolithic scaffolds show brittle failure but with some degree of damage tolerance, 
failing at over 10% strains.  Composite scaffolds have higher strength and share deformation 
behavior similar to cellular solids.  Monolithic scaffolds fail by crack propagation at rod 
junctions along the scaffold length while composites fail by multilayer crack propagation along 
45 degree planes.   
The PMMA binder was shown to effectively improve composite toughness and can serve 
as a good estimation for an upper bound for a HA scaffold/tissue composite.  These multi-scale 
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materials are excellent bone scaffold candidates because of their tailorability. This allows for the 
optimization of the microstructure to meet biological needs while not significantly impacting the 
overall strength. 
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Appendix A: Flexural and Tensile Properties of Calcium Phosphate 
and Calcium Phosphate/Polymer Composites 
The general trends for mechanical properties in bending and in tension are similar to 
those reported and discussed for compression in section 2.3. Figure A.1, Table A.1, Figure A.2 
and Table A.2 show the data for bulk CaPs in bending and tension, respectively.  
A.1 Bulk properties of CaPs in bending and tension  
The flexural strength of bulk CaPs ranges from 7.7 to 113 MPa (Figure A.1 a), with 
porosities from 19.4 [75] to 46% [39] (Figure A.1 b). Most of these data show strengths less than 
that of cortical bone and/or porosities much greater than cortical bone (Figure A.1 b). Data for 
flexural strength are not available for cancellous bone for comparison, to our knowledge.  
Only two papers [77],[76] of those investigated have reported the tensile strength and two 
[77],[83] have reported the elastic modulus for bulk HA. Values for strength in Pramanik et al. 
range between 18 and 130 MPa [76], and the strength is controlled by compaction pressure. 
While some of these studies showed strengths similar to bone, their low porosities make them 
less useful as materials for bone repair and replacement. 
He et al. [83] tested the mechanical properties of HA using nanoindentation and reported 
an interesting result. They measured an increase in energy absorption, in addition to the increase 
in elastic modulus, with increasing porosity for bulk HA. Porosity ranged from 1.6 to 53.5%, 
with pore sizes of less than 1 µm. The authors suggest that porosity on this length scale may 
provide a toughening mechanism for this otherwise brittle material. He et al. [83] also 
demonstrated that both hardness and elastic modulus fit Eq 2.1 very well (R
2
 = 0.99) [114],[83]. 
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A.2 HA scaffold properties in bending 
One study has reported the flexural strength of HA scaffolds [115]; no data were found 
for HA scaffolds in tension. The data in bending show that scaffolds are generally weaker than 
bulk samples and some of the HA/polymer composites. This is not surprising, since brittle failure 
is caused by tensile stresses generated around defects. Strength ranged from 1.4 to 12.8 MPa 
(Figure A.1) [115]. This is in the range of cancellous bone, but much weaker than cortical bone 
(Table 2.1). The porosities and pore sizes for these HA scaffolds were 33.5–51.5% and 50–260 
lm, respectively. The porosity overlaps the upper limit of the porosity of bulk HA. 
A.3 CaP/polymer composite scaffold properties in bending and tension 
A.3.1 Flexural strength of CaP/polymer composite scaffolds 
Of the categories of materials included for bending and in tension, most data are available 
for CaP/polymer composites. However, few authors provide information on porosity (Table A.1 
& Table A.2), so trends for strength vs. porosity cannot be determined easily. 
One observation from the composite data for bending is that there is a wide range of 
flexural strengths from almost as high as the strongest bulk CaP to close to the weakest for the 
HA scaffolds, but there are few data in between. The composites of Shikinami and Okuno [116] 
and Takayama and Todo [117] had the highest strengths, with the strengths being similar in 
magnitude (Figure A.1). The lower bound for flexural strength for the CaP/polymer composites 
compared with the bulk and scaffold properties is more consistent with the relative trends 
observed for compression and shown in Figure 2.1 and Figure 2.2. 
A.3.2 Tensile strength and modulus of CaP/polymer composite scaffolds  
Like the data for flexural strength, the range in magnitude of tensile strength for the 
composites is similar to that of the bulk CaP material and also shows a drop in the magnitude of 
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the mechanical properties (Figure A.2), which is much more pronounced for the modulus 
compared with strength. Note that most of the studies included here, again, did not report pore 
size and pore fraction. Therefore, general observations are made about the properties, but without 
more information strong, definitive conclusions cannot be made. 
Specimens prepared by Younesi and Bahrololoom [118], Zheng et al. [119], and Clarke 
et al. [120] are at the upper bound for tensile modulus and strength plots (Figure A.2). They 
tested polypropylene/HA, PDLLA/HA, and collagen/HA composites, respectively. Their results 
are close to the lower limit of cortical bone, which ranges from 50 to 151 MPa (Table 2.1).  
There is a drop in strength between the upper bound and the next group of data by Prabhakaran 
et al. [121], Lei et al. [122], and Marra et al. [123]. Strengths ranged from 0.4 to 8.2 MPa, which 
fully encompasses the range of tensile strength observed for cancellous bone. 
Similarly to the tensile strength results, the studies by Younesi and Bahrololoom [118] 
and Zheng et al. [119] show the highest stiffness of the HA/polymer composites category, with 
composites that are much stiffer than cancellous bone but not as stiff as cortical bone (Table 2.1). 
Clarke et al. [90] report stiffnesses an order of magnitude lower than Younesi and Bahrololoom 
and Zheng et al.  Lei et al. [122], Boissard et al. [124], and Marra et al. [123] all have much more 
compliant composites, reporting values of 0.01 GPa or less. This is a factor of 10 lower than the 
lower limit of stiffness observed for cancellous bone. 
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A.4 Figures and Tables 
 
Figure A.1. Flexural strength for all material classifications. a) Data are grouped according to material 
classifications: bulk HA or bulk BCP; HA scaffolds; CaP/polymer composite scaffolds. Data within each category 
are shown in order of decreasing strength. b) Flexural strength as a function of porosity. Material categories are 
demarcated by colored lines. Bulk HA and BCP, HA scaffolds, HA/polymer scaffolds are represented by blue, green 
and orange lines, respectively. A comprehensive legend is given in Table A.1. *Kim et al. [125] used calcium 
silicate for the mineral phase, which formed HA on the surface after immersion in SBF. 
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Table A.1. This table also serves as the legend to Figure A.1. The data are ordered by decreasing strength for each 
category of material, as in Figure A.1. 
Symbol First Author [ref] Material 
Pore Range 
(μm) 
Porosity Range 
(%) 
 Shiota [63] Bulk BCP NR 2-7† 
 Akao [61] Bulk HA NR 3-19 
 Miranda [70] Bulk HA, β-TCP‡ 290-310 16 
 
Pramanik [64] Bulk HA NR 42 
 Auger [117] Bulk HA/Oxide NR 27-36 
 Cordell [58] Bulk BCP 1-10, 2-15 40 
 Yao [85] HA Scaffold 20-260 34-52 
 Takayama [86] HA/PLLA/LTI NR NR 
 Wong [116] HA/Strontium/PEEK NR NR 
 Kim* [115] Calcium Silicate/PEEK NR NR 
 Cui [80] HA/PLGA 1-50, 100-300 84-93 
NR indicates not reported. 
* Kim et al. tested a calcium silicate mineral phase but HA was formed on the surface when immersed in SBF. 
† Relative densities were used to calculate pore fractions because fractions were not explicitly stated. 
‡ Flexural strength in this study was obtained from the individual rods in bending, not from bulk samples. 
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Figure A.2. a) Tensile modulus and b) tensile strength for CaP-based materials grouped according to classifications 
of bulk HA and CaP/polymer composite scaffolds. A comprehensive legend is given in Table A.2. 
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Table A.2. Summary of materials tested in tension and the respective pore sizes and pore fractions where available. 
This table also serves as the legend to Figure A.2. The data are ordered by decreasing strength within each category 
of material. Prabhakaran et al. [121], Pramanik et al. [76], and Wahl et al. [126] are at the bottom because they only 
appear in Figure A.1 b) as testing the tensile modulus. 
Symbol First Author [ref] Material 
Pore Range 
(μm) 
Porosity Range 
(%) 
 He [83] Bulk HA 0.05-0.36 1.6-53.5 
 Charriere [62] Bulk HA NR 44 
 Younesi [88] HA/Polypropylene NR NR 
 Clarke [90] HA/Collagen NR NR 
 Zheng [89] HA/PDLLA/collagen gel NR NR 
 Marra [44] HA/PLGA/PCL 150-250 80 
 Lei [92] HA/PPSC NR NR 
 Boissard [93] HA/PUR 83-97 71-94 
 Prabhakaran [91] HA/PLLA/collagen NR NR 
 
Pramanik [64] Bulk HA NR 42 
 Wahl [94] HA/Collagen 40-140 87-95 
NR indicates not reported. 
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Appendix B: Compressive Properties of µ-RD Fabricated Scaffolds 
Several studies have tested scaffolds fabricated by micro-robotic deposition (µ-RD), a 
direct write or solid free-form fabrication (SFF) manufacturing technique that is used to make 
scaffolds with a periodic array of macropores, also referred to as unit cells. The results of these 
studies are discussed together here. This allows the examination of data across several studies 
which used the same manufacturing technique and same general processing parameters, so 
comparisons can be made for these scaffolds with different pore sizes and fractions and 
properties. It should be noted that scaffolds made by µ-RD can exhibit both high strength and 
high porosity compared with other HA and BCP scaffolds in the literature (Figure 2.1 & Figure 
2.2). Furthermore, µ-RD allows strict control over both the macroporosity and microporosity 
[39], [40], [36], [41],[127] which allows scaffold properties such as pore size, pore fraction, 
strength, modulus and permeability to be varied systematically. Scaffolds fabricated by SFF 
methods are generally reported to have better mechanical properties than those fabricated by 
conventional ceramic processing routes [42]. In this section we describe µ-RD briefly, the 
resulting macroporosities and microporosities (Figure B.1 and Figure B.2 and Table B.1) and 
compressive strength across the studies (Figure B.3). 
The four different studies shown here allow some general comparisons of the mechanical 
properties of scaffolds manufactured by µ-RD. The strengths fall in the upper half of the range of 
strengths reported for HA and BCP scaffolds (Figure 2.1) and they have high strength to porosity 
ratios compared with many other scaffolds (Figure 2.2). Figure B.3 shows that, like all other 
porous materials, porosity decreases strength. The strength decreases with increasing porosity 
from approximately 300 MPa at 28% porosity to approximately 8 MPa at 80% porosity. 
Dellinger et al. [40] had both the highest and lowest strengths and porosities. Both Dellinger et 
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al. [40] and Woodard et al. [36] compare scaffolds with and without microporosities and showed 
a similar decrease in strength with microporosity. (In this comparison we refer to the highest 
nonmicroporous and highest microporous data points for Woodard et al. The data points at lower 
strength were for scaffolds with non-uniform loaded surfaces [36].) However, we note that the 
strength of the non-microporous scaffolds from Dellinger et al. [40] was approximately twice 
that of cortical bone, with over double the pore fraction. Many of the other data in Figure B.3 fall 
within the pore fraction and strength of cortical bone (Table 2.1). 
The data from Cordell et al. clearly demonstrate that, for the same macropore and 
micropore fraction, macroporosity dominates the strength of the scaffold. Cordell et al. [39] 
tested scaffolds with average micropore sizes of 5.96 and 16.2 lm and found the compressive 
strengths to be statistically similar. We also note that the two microporous scaffolds in Dellinger 
et al. [40] and those in Cordell et al. [39] had similar strengths, despite the 20% difference in 
porosity that arose from the difference in rod diameter and spacing in and out of plane (Figure 
B.2 and Table B.1). 
An observation that is immediately obvious from the data in Miranda et al. [41] in Figure 
B.3, and was observed in comparisons of data from the other HA and BCP scaffolds, is that β-
TCP decreases the strength [41]. Miranda et al. also compared the longitudinal and transverse 
strength of their scaffolds, but found little difference [41]. This is most likely because the ratio of 
the in and out-of-plane spacing was 0.8, with spacing at 80 and 100 µm, respectively. One might 
expect that the scaffolds with larger in plane to out-of-plane spacing ratios, such as in Dellinger 
et al. and Woodard et al., to have more orthotropic properties. 
While more work is clearly needed in order to understand how all of these geometric 
characteristics of the unit cell relate to the mechanical properties of these scaffolds, they clearly 
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meet the requirements of macropore size and fraction for bone growth. Additionally, their 
architecture and porosity can be tailored to meet other requirements, such as permeability, and 
are, therefore, attractive candidates for bone replacement and repair. 
B.1 Figures and Tables 
 
Figure B.1. a) Schematic illustrating the micro-robotic deposition (µ-RD) fabrication process. A computer controls 
the syringe position in plane and a plunger extrudes the HA ink through a nozzle [105]. (b) Photograph of a scaffold 
produced by µ-RD and then machined into a cylinder [39]. (c) Surface of a microporous scaffold rod [36]. 
Microporosity was introduced through the use of a fugitive porogen [36]. (d) Surface of a solid rod [36]. (e) Surface 
of a scaffold rod from Miranda et al. in which microporosity was introduced through incomplete sintering [41]. 
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Table B.1. A summary of scaffold geometry, porosity and compressive properties for the BCP scaffolds fabricated 
by µ-RD. Some studies did not explicitly report macropore or micropore fraction, but gave sufficient information for 
these values to be estimated. Dellinger et al. [40] and Woodard et al. [36] tested cases with and without 
microporosity, denoted by MP and NMP, respectively. Woodard et al. reported three cases for longitudinal strength: 
scaffolds that were sanded, intended for implantation and tested as fabricated. 
 Cordell [58] Woodard [67] Dellinger [40] Miranda [70] 
 Unit cell geometry 
Rod diameter 394 394 415 415 570 570 570 220 220 
Edge to edge (out of plane) 252 252 185 185 280 280 280 100 100 
Edge to edge (in plane) 359 359 315 315 270 270 680 80 80 
 Porosity 
Calculated (or stated) 
macropore fraction 
50% 50% 41% 41% 28% 28% 60% 28% 28% 
Calculated (or stated) 
micropore fraction 
23% 23% 0% 29% 0% 36% 20% 16% 16% 
Micropore size (µm) 1-10 2-15 2-8 2-8 1-30 NR NR 
 Strength in compression 
Longitudinal Strength (MPa) 7.8 8.3 
101.5 
23.4 
27.4 
53.9 
24 
34.4 
302.3 10.4 7.8 
47 
108* 
14 
14* 
Transverse Strength (MPa)    50 17 
Other Conditions  NMP MP NMP MP MP HA β-TCP 
 Test Sample Geometry 
Test geometry Cylinder Cylinder Cylinder Cube 
In plane dimensions (mm) 5 6 11.5 10 x 10 
Height (mm) 8.1 2 4.5 10 
NR, not reported by the author. 
* Samples that were tested after immersion in SBF for 20 days. 
 
 
Figure B.2. Schematics of one macropore of scaffolds fabricated by µ-RD. Each macropore is scaled in order to 
demonstrate the relative size for the comparison. The top row shows the rod diameter and the out-of-plane rod 
spacing. The bottom row shows the in-plane spacing. Dellinger et al. [40] tested scaffolds with two different 
macropore sizes. Units are µm. Additional details for these scaffolds are found in Table B.1. 
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Figure B.3. Compressive strength–porosity relationship for µ-RD scaffolds. Open and closed symbols represent 
different scaffold conditions within a single study and are indicated in the legend. MP, scaffold with micorporosity 
in the rods; NMP, no microporosity; Long, longitudinal or out of plane test; Trans, transverse or in plane test. D5.96 
and D16.2 are the average micropore sizes. 
 
 
